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ABSTRACT

SEMICONDUCTOR NANOCRYSTAL BUILDING BLOCKS FOR SOLAR APPLICATIONS:
SYNTHESIS, SELF-ASSEMBLY, AND FILM CHARACTERIZATION

Danielle Christina Reifsnyder
Christopher B. Murray
Semiconductor nanocrystals have emerged as promising materials for light harvesting
and production of electrical energy. Their unique optical properties and solution
processibility suggest that they can be utilized in new ways to build on the knowledge
base existing from the study of bulk semiconductors. Here, CuInSe2, CdTe, and CdSe are
discussed. Synthetic control of size, shape, crystal structure, and elemental composition
are crucial to realizing the potential of these nanoscale building blocks. In this work, new
methods for colloidal synthesis of semiconducting nanocrystals are presented. As a
consequence, the improved control over structure makes it possible to self-assemble them
into oriented and multicomponent films. This provides a route for the future to pattern
nanoscale structure into solar cell active layers from the bottom up.
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Chapter 1:
Introduction
Energy is one of the most important global issues in the 21st century.1 Obtaining raw
materials, generating power, storing electricity, and distributing energy to communities
are all processes that control people’s interactions, standard of living, and relationship to
the planet. Energy production strongly impacts people’s lives in personal, economic, and
political ways; therefore, few communities can afford to be disinterested in how the
world meets its energy demands.
Historically, energy that is derived from combustion of hydrocarbons has largely met the
energy demand. By some estimates, it will continue to dominate the energy landscape
into the future.2 However, in recent years, concerns over supply, security, and the global
impact of waste from energy production have inspired the utilization and development of
alternative and renewable energy sources.1 Combustion fuels include coal, oil, natural
gas, wood, and biofuels, all of which are consumed during the production of energy. This
means that new raw materials must constantly be supplied for energy production. Since
the fossil fuels (coal, oil, and natural gas) are formed on geological timescales, these
resources are not renewable. Therefore, new sources must be sought out continuously and
then extracted from the earth’s crust. Wood and other biofuels such as corn, soy, and
switchgrass must be grown and harvested at the same rate as use, which places a burden
on societies to allocate land for growth of energy-rich crops and divert agricultural
resources away from food production. A side effect of all combustion events is the
release of carbon dioxide molecules into the earth’s atmosphere, and other unutilized
byproduct gas molecules are often released as well (e.g., sulfur oxides and nitrogen
oxides). Additionally, since natural resources are limited and valuable, the economics of
energy resources influence people’s lives, and the politics of energy resources can be
entangling.1,2
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While nonrenewable fossil fuels, biofuels, and nuclear energy still provide much of the
energy in use today, a growing portion of energy is provided each year by renewable
energy sources.1 These include wind power, hydropower, geothermal energy, and solar
energy. Instead of storing energy in chemical bonds, these utilize energy from the earth’s
core and from the sun to generate electricity. Except for geothermal energy, each
renewable energy source listed relies on the sun to provide energy. Thus, ever since the
discovery of the photovoltaic effect by Alexandré-Edmond Becquerel in 1839,3 research
has aimed at building solar cells that can efficiently harvest photons emitted by the sun
and directly convert them into electricity.4
Several decades of research on solar cells with active layers made from bulk
semiconductors have resulted in single-junction solar cells with efficiencies over 20%4
and multi-junction (a.k.a. tandem) cells with efficiencies of nearly 40% (37.9%, Sharp
Corporation; 37.8% Spectrolab).5,6 Wide-scale research efforts have led to great
technological strides by combining understanding of the principles of solid state physics
and ever-evolving techniques for growing controlled semiconductor materials. More
recently, quantum dots (QDs) and other semiconducting nanocrystals (NCs) have
emerged as promising semiconductor materials for solar cell active layers.7-10 Since NCs
are compositionally similar to the corresponding bulk elements and compounds, but
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Figure 1.1. Best Research-Cell Efficiencies chart for solar cells, created by NREL. Up to
date as of 6/1/2013.4

3

electronically bear a striking resemblance to atomic and molecular systems, they provide
the opportunity to build films with new structures and electronic properties. Bulk-like
properties can be harnessed while also developing new ways to process films and tune the
optical and electronic properties of solid state materials. Figure 1.2 shows the absorption
spectra of CdTe and CdSe quantum dots synthesized as part of this thesis work, and
Figure 1.3 shows transmission electron microscopy (TEM) images of CdTe and CdSe
QDs synthesized as part of this work.
This thesis work aimed to develop and characterize new materials derived from
semiconducting nanocrystals for solar cell active layers. The work consists of synthesis
and characterization of nanocrystals of chalcopyrite materials that have high reported
thin-film efficiencies, demonstrations and characterization of self-assembly of NCs in
ordered superlattices, expansion of synthesis techniques for model chalcogenide systems,
and study of chemical treatments determined to be effective at increasing coupling
between nanocrystals. The structural changes in chemically-treated NC films are
investigated, and energy transfer between neighboring NCs is observed. Both singlecomponent and two-component films are fabricated and analyzed to understand these
phenomena in chalcopyrites and chalcogenides and in combinations of materials with
energy band alignments that are relevant for solar energy harvesting and conversion.
This thesis is organized in the following manner. Chapter II provides an introduction to
chalcopyrite materials, chalcopyrite-based solar cells, and the potential of nanocrystal-

4

Figure 1.2 Absorption spectra of size series of A) CdTe QDs and B) CdSe QDs
synthesized as part of this thesis work.
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A

B

Figure 1.3 TEM images of A) 6 nm CdTe QDs and B) 7 nm CdSe QDs synthesized as
part of this thesis work.
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based solar cell active layers, and then continues by describing the synthesis, selfassembly, and characterization of CuInSe2 nanocrystals & oriented films. Chapter III
details studies on CdTe quantum dots, both in solution and in films. Chapter IV discusses
electron microscopy and contributions to this thesis work from its application to colloidal
nanocrystals. Chapter V discusses development of heteroepitaxial spherical core/shell
QDs. Chapter VI describes application of homoepitaxial growth to CdSe nanocrystals.
Chapter VII discusses observation of energy transfer in mixed chalcogenide films. The
conclusion offers an outlook for the future of nanocrystal-based solar cells.
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Chapter 2:
Chalcopyrites: Their Significance and the Development of Colloidal,
Chalcopyrite CuInSe2 Nanocrystals that Self-Assemble into Oriented
Films1
1

Reprinted with permission from Reifsnyder, D.C.; Ye, X.; Gordon, T.R.; Song, C.;
Murray, C.B. “Three-Dimensional Self-Assembly of Chalcopyrite Copper Indium
Diselenide Nanocrystals into Oriented Films.” ACS Nano, 2013, 7, 4307-4315.
Copyright 2013 American Chemical Society

2.1 The All-Inorganic, Thin-Film Photovoltaics Landscape
“It is the right time for CIGS!” is the clarion call that launched a special issue of the
journal Progress in Photovoltaics: Research and Applications in July, 2010.1
Historically, silicon-based solar cells have dominated the research journals and the
photovoltaics technologies marketplace, but in recent years, chalcogenides (compounds
with S, Se, and/or Te in their structure) have emerged as favorable contenders. In the last
few years, the company First Solar has successfully commercialized CdTe technology,
setting world records for CdTe PV with an 18.7% cell efficiency and 14.4% module
efficiency.2 Even more impressively, the company has pioneered these efficiency
improvements while breaking the $1/W barrier that previously plagued the photovoltaics
industry. Today, CdTe module costs are below $0.75/W.
Yet, CIGS is poised to perform even better. CIGS materials belong to the chalcopyrite
family, and generally denote all materials formed from the various ternary, quaternary,
and quinary combinations of Cu, In, Ga, S, and Se (e.g., CuInSe2, CuInS2, Cu(InxGa1x)Se2,

Cu(InxGa1-x)S2, Cu(InxGa1-x)SySe1-y, etc.). In 2013, CIGS technology has reached

20.4% efficiency on a flexible polymer substrate,3 topping the records set at 19.9% (in
2008 at NREL, the U.S. National Renewable Energy Laboratory)4 and at 20.3% (in 2011
at ZSW, Zentrum fur Sonnenenergie-und Wasserstoff-Forschung Baden-Württemberg,
Germany; the Center for Solar Energy and Hydrogen Research).5 By surpassing 20%
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efficiency, CIGS has crossed the divide between thin-film technology and Si solar
technology. Even in the world-record-setting cells, however, evidence points to there still
being great room to improve the technology. When the ZSW record-setting solar cells are
compared to those fabricated for the NREL benchmark, overall improvement masks the
details of which parameters are improved. What becomes clear upon close inspection,
however, is that not all parameters that define solar cell performance are improved. Most
notably, the fill factor (a parameter related to the effective current and voltage in the cell)
for the 20.3% cell is lower than that of the 19.9% cell.4,5 This is due to the fact that CIGS
solar cells are complicated devices with many parameters. This stems partly from the
need to engineer many layers of different materials into the final structure and also from
the fact that CIGS materials are chemically and physically very complicated compounds.

2.2 Development of Thin-Film CIGS Solar Cells
While lab modules have >20% demonstrated efficiencies, CIGS-based solar cells have
reached 17.8% at the module level to date.6 The efficiencies of CIGS-based solar cells
started out promising (~5%) and have improved much over the decades.7 Focus on I-IIIVI2 chalcogenides (chalcopyrites) began when they were originally synthesized and
investigated in the 1950s.8,9 The first devices made from CuInSe2 were photodetectors
with a broad-band spectral response, and the authors suggested that in addition to being
useful photodetectors, the same devices could compete with existing Si or CdS/Cu2Se
solar cells.10 They reported initial efficiencies of ~5%, and within a year, 12%-efficient
cells were reported.11 These first CIGS family solar cell devices consisted of a p-type
single crystal of CuInSe2, onto which n-type CdS was evaporated. Many early studies
focused on single crystal CuInSe2, but polycrystalline, thin-film devices emerged as a
simpler way to grow the material. An initial report proved that 5.7% efficiency was
possible,12 and soon Boeing reported 9.4%-efficient cells.13
From the 1980s-1990s, much of the development of CIGS materials was carried out by
Boeing and ARCO Solar.7 Boeing used co-evaporation to deposit films, and ARCO
deposited the metal precursors at low temperature and then annealed in H2Se gas. Major
11

improvements in efficiencies came from several advances: 1) slightly increasing the
chalcopyrite band gap from (1.04 eV to 1.1-1.2 eV) by incorporation of Ga;14 2)
replacing the n-type CdS or CdZnS layer with a thinner (≤ 50 nm) CdS layer and a
conductive ZnO layer;15 3) replacing ceramic or glass substrates with soda lime glass,
which allowed Na to diffuse into the active layer;16 and 4) developing absorber layers
with graded composition.17,18

2.3 Geometry of Thin-Film CIGS Solar Cells
Today, the highest-efficiency CIGS-based cells share a common geometry.7 This consists
of a soda lime glass substrate coated with Mo, onto which the CIGS absorber layer is
deposited. Then, a thin (≤ 50 nm) CdS layer is chemical bath deposited. Next, two ZnO
layers are deposited, the first of which is a high-resistance layer, and the second of which
is a doped, high-conductivity layer. At the top of the device, a current-collecting grid is
attached.

12

Figure 2.1. Common device geometry for CIGS solar cells.7 Reproduced with permission
from ref. 7.
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While this device geometry has proven successful, its many interfaces require
independent optimization. This means that, in addition to controlling the CIGS layer for
high performance, many other engineering parameters must be considered. If only the
peripheral layers and their interfaces were to be considered, this would be a complicated
system. However, CIGS materials themselves are also very complex.

2.4 Structural Complexity of CIGS Materials
The quinary system Cu(In,Ga)S,Se has three cations and two anions. When formed as the
chalcopyrite structure, the +1 cations (e.g., Cu+1) have a defined relationship to +3 cations
(e.g., In+3, Ga+3), and both have a defined relationship to the anions (e.g., S-2, Se-2).
However, In+3 and Ga+3 share common lattice positions with a given ratio dependent on
the overall stoichiometry, as do S-2, Se-2. This alloying means that with differing
preparations, different structures can be obtained. This is further complicated by the fact
that graded-composition absorber layers have proven effective and are therefore
desirable.7
Alloyed materials add to the structural complexity, but even non-alloyed chalcopyrite
materials have a significant number of variants. Many studies have focused on CuInSe2,
which was the first chalcopyrite material to exhibit high efficiencies.11 CuInSe2, in
contrast to its binary analogs, can come in both cation-ordered and non-cation-ordered
structures, and is particularly susceptible to defect formation.19 Observed structures
include: 1) sphalerite (δ-CIS, space group F-42m), a face-centered-cubic lattice with
random occupancy of Cu+1 and In+3 on the cation sites, derived from the diamond
structure; 2) chalcopyrite (α-CIS, space group I-42d), a cation-ordered version of
sphalerite, in which the ordering leads to a tetragonal unit cell with the c-axis nearly
equal to twice the a-axis ; 3) ordered defect compounds (ODC, a.k.a. ordered vacancy
compounds, OVC), in which defects or pairs of defects form a non-stoichiometric
structure based on the chalcopyrite unit cell; 4) a metastable tetragonal phase that has
been identified as the CuAu structure (space group P-4m2);20 5) a hexagonal, cationdisordered wurtzite phase, which is primarily observed in nanostructures;21,22 and 6) a
14

high-pressure, cation-disordered cubic phase based on the NaCl lattice.23 Figure 2.2
shows a Cu2Se-In2Se3 pseudobinary phase diagram that illustrates the complexity of the
possible ternary phases, as well as their often observed co-existence with various binary
phases.24

Figure 2.2. A Cu2Se-In2Se3 pseudo-binary phase diagram.24 Reproduced with permission
from ref. 24.
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2.5 Nanocrystal-Based Solar Cells
While bulk and thin film solar cells have been studied for a number of years, the effort to
integrate colloidal nanocrystals into solar cell active layers is a relatively new area of
research. Controlled synthesis of CdSe nanocrystals led to efforts to understand the
photoconductivity of arrays of nanocrystals,25,26 and since then, many different colloidal
nanocrystalline materials have been studied in a solar cell geometry. Today, efficiencies
from QD-based solar cells are in the 7-8% range (7.0% for PbS; 7.1% for CdTe, 8.5% for
CZTS),27-29 with some sintered devices surpassing 10% (12.0% for CIGSSe).30
Much of the development of QD arrays for nanocrystal-based solar cells has been done
on model systems, using materials that do not have high demonstrated thin film solar cell
efficiencies.25-27 There are enough scientific questions to ask in order to understand the
processing of devices and the transport of charges through nanocrystal-based films that it
has been rewarding to study well-developed materials that are well-characterized. A
notable result from this is the ability to make PbS-based solar cells in which the
nanocrystals are not fused into bulk-like material by sintering.27 While other nanocrystalbased solar cells exhibit high efficiencies, several successful examples rely on sintering
of the nanocrystals such that their original properties are not preserved in the final
devices.28-30 This is a viable route to useful technologies, yet it is interesting to develop
processes by which solar cells can be made from nanocrystals and avoid bulk processing
conditions. It is especially important to develop low-temperature processing methods to
make efficient CIGS-based solar cells because the high efficiency of CIGS thin film solar
cells is contingent upon a high-temperature selenization step.7 This step is performed
above 500 °C, so it is energy intensive, and it requires careful handling of the acutely
toxic gas hydrogen selenide, which is the most toxic form of selenium.31
In order to take the knowledge gained about nanocrystal processing from model systems
and apply it to materials with the highest demonstrated thin film efficiencies, it is
necessary to control the quality of the nanocrystal building blocks. It would be ideal to
reach the level of control that has been demonstrated for other nanocrystal systems,
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where size and shape dispersions are in the 5-10% range.32 Inroads have been made into
making solar cells from unsintered CIGS nanocrystals by reaching unsintered efficiencies
of 3.1%,33 but the synthesis of uniform, solution processible nanocrystals has been a
roadblock.

2.6 Development of Cu(InxGa1-x)Se2 Colloidal Nanocrystals

The various efficiency records mentioned above have demonstrated that copper indium
diselenide (CuInSe2) is one of the most promising materials for solar cell active layers.1
Its band gap is ideally located within the solar spectrum (1.04 eV), and it has a high
absorption coefficient on the order of 105 cm-1.34,35 Already, efficiencies of > 20% have
been achieved in thin-film devices based on Cu(InxGa1-x)Se2 (CIGS) materials.3-5 State of
the art methods for thin film deposition require high temperature, vacuum conditions, and
the overconsumption of expensive precursor materials due to inefficient deposition
processes.36 An approach to increasing the efficiency-to-cost ratio for solar cell
production is the formation of active layer materials from arrays of solution-processible
semiconducting nanocrystals synthesized from simple metal salts. To date, several reports
have detailed the formation of active layers from chalcopyrite “nanocrystal inks,”
colloidal suspensions of nanocrystals with the desired phase composition but less than
optimal control of the shape and size dispersion.37-39 This thesis work is intended to
bridge the gap between what has been achieved with nanocrystal inks and the control of
active layer composition and morphology that will be possible with uniform particles. In
this thesis is presented the synthesis of CuInSe2 nanocrystals with dramatically improved
uniformity and their integration into oriented films through self-assembly. With these
materials, it will be feasible to direct the assembly of nanocrystals in active layer films.
This work opens up the possibility for intentionally-designed, nano-architectured active
layer morphologies, which are composed of high-efficiency solar energy conversion
materials.
So far, simultaneously controlling the shape, stoichiometry, and crystal structure of CIGS
and CuInSe2 nanocrystals has proven difficult. Uniform samples have the ability to
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assemble into nanocrystal superlattices, but until this thesis work, such three-dimensional
self-assembly of CuInSe2 was not demonstrated. When they self-assemble, nanocrystals
become the building blocks of a periodic superstructure, which leads to greater ability to
tune the morphology and properties of nanocrystal-based films.
Recent progress in sulfide chalcopyrites is encouraging;40-47 yet, despite a number of
advances in compositional or structural control,48-51 development of the selenium
analogs, which have higher demonstrated efficiencies in conventional thin film solar
cells, has been less yielding. Recent successes in CuInSe2 synthesis have produced
various crystal phases formed as nanorings,38 trigonal pyramids,52 small (~3 nm)
quantum-confined nanocrystals,53 and hexagonal plates.54

2.7 Precedent and Advantages of Nanocrystal Self-Assembly
A growing number of superstructures formed from colloidal nanocrystals have been
reported in the literature. From the earliest reports of nanometer-sized colloid assembly
(e.g., iron oxide55 and CdSe56) to multicomponent superlattices,57 this has been a route
toward controlling superstructure and film morphology and of patterning materials at
nanometer length scales. In the case of inorganic nanocrystals, this phenomenon has
given rise to a great diversity of structures, including crystalline56,57 and quasicrystalline
thin films,58 aligned nanorod films formed with59 and without60 an electric field, and
colloidal supercrystals.56,61,62 The formation of these structures has been related to the
uniformity of the nanocrystals,55 the temperature of formation,63 the molecular
interactions between ligand molecules on nanocrystal surfaces, and the solvent-ligand
interactions.64 Forming films that are ordered creates an advantage because it makes
systems easier to model and physically understand than disordered systems,65 and more
importantly, assembly of nanoscale building blocks has led to new, collective properties
in thin films.66,67 With building blocks of sufficient uniformity, new film geometries have
become possible, including examples where self-assembled arrays and lithographic
patterning are combined.68
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2.8 Progress in Synthesis and Self-Assembly of Chalcopyrite-Phase CuInSe2
Nanocrystals Resulting from This Thesis Project
Here, we present a method to synthesize chalcopyrite-phase CuInSe2 nanocrystals that is
derived from simple metal salt precursors and an air- and room temperature-stable
chalcogen source (selenium (IV) oxide).The successful application of selenium (IV)
oxide to quantum dot synthesis, combined with its ease of handling make this an
attractive precursor.69,70 This work builds on the success of others in applying this
approach to quaternary compounds of the I2-II-IV-VI4 family and opens up new
opportunities to build nanoscale control into thin films for high-efficiency solar cell
active layers.71,72 As a result, we are able to produce nanocrystals that form extended,
oriented, three-dimensional films. In order to produce films with the highest quality
electronic and optical properties, strategies to control grain size and orientation must be
established. Our monodisperse tetragonal bipyramids allow for formation of films with
well-defined particle spacing, composition, grain size, and packing. In contrast to most
thin film deposition techniques, with our methods, it is also possible to gain control over
crystal orientation at low temperature via solution processing.

2.9 Introduction to CuInSe2 Nanocrystals
While single-element and binary compound nanocrystals have become well-developed in
the last two decades, the synthesis of ternary and quaternary compound nanocrystals has
been slower to mature. The major challenges have been 1) compositional uniformity
(often related to the relative reactivity of cation precursors); 2) morphology and external
structural uniformity (a.k.a., monodispersity); and 3) internal, crystal phase uniformity.
Since the Cu-In-Se system can exist in a range of stoichiometries and crystal phases,20
attempts to synthesize colloidal CuInSe2 nanocrystals have yielded varying results.48-54 In
many cases, when phase control has been good, morphology and stoichiometry have been
less controlled,48-51 and even when morphology control has been better, various phases
have been reported, and stoichiometry has varied with nanocrystal size or preparation
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technique.38,52-54 While it is interesting to explore which structures are stabilized at the
nanoscale, one goal is to synthesize uniform, tetragonal (chalcopyrite) phase CuInSe2,
analogous to the structure that has yielded the highest reported solar cell efficiencies.

2.10 Importance of thin-film assembly of CuInSe2 nanocrystals
Isolated nanocrystals are useful for applications such as bio-imaging and sensing, where
the single-particle properties (i.e., absorption and fluorescence) can be harnessed.
However, for many technologies, especially for electronics, the properties of isolated
particles are not as useful as those of thin-films of the materials. In many of the recent
examples of solar cells made from colloidal nanocrystals, films are spin cast, drop cast, or
knife-coated, which typically results in films that are glassy without long-range
ordering.27-30 Also, many devices have been fabricated from non-uniform or spherical
nanocrystals, which have little or no structural driving force to promote orientation.27-30
Crystalline thin-film devices, however, have been made from single crystals, which are
by nature oriented, and from polycrystalline samples with varying degrees of orientation.7
In anisotropic crystal structures, the optical and electrical properties of a material are
direction-dependent within a crystal,73 so it is important to understand and control crystal
orientation in devices to optimize performance.

2.11 Self-assembly of I-III-VI2 nanocrystals
Self-assembly has very rarely been demonstrated in I-III-VI2 nanocrystals. For CuInSe2,
there are two cases in which self-organization into close-packed monolayers has been
demonstrated, but neither showed three-dimensional packing. These monolayers were
formed from: 1) chalcopyrite-phase trigonal pyramids52 and 2) wurtzite-phase hexagonal
plates.54 In general, more synthetic control has been achieved in sulfide-based
chalcopyrites than in selenide-based chalcopyrites, but even so, three-dimensional, selfassembled superstructures of CuInS2 nanocrystals have only recently emerged in the
literature.47 Self-assembly of nanocrystals has been shown to relate to nanocrystal
monodispersity,55 ligand-ligand and ligand-solvent interactions,64 and the relationship
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between solvents and temperatures of film formation,63 so these factors have all been
investigated for a variety of nanocrystal systems. Yet, simultaneous development of
chalcopyrite materials to increase nanocrystal uniformity has been necessary to make
them comparable to the quality of the nanocrystals that are able to self-assemble.

2.12 Solution-processible CuInSe2 nanocrystals for solar cells
CuInSe2 is a promising alternative to existing thin-film photovoltaic technologies because
it has been demonstrated in high-efficiency solar cells3-5 and also because it does not
contain the toxic elements cadmium or lead. As with any material, it is best to process it
efficiently in order to lower materials costs. This can be especially important with
CuInSe2 because of concerns over indium supply.74 This is due to relatively low natural
abundance of indium and additionally because indium is already used in many
established electronics technologies. However, it should be noted that the raw materials
cost of CIGS solar cells has been reported to be approximately one-quarter of the cost of
CdTe materials in cents/watt.74 State of the art thin-film CuInSe2-based solar cells are
made through high-vacuum techniques (e.g., sputtering or co-evaporation of elements),
both of which processes are inefficient and result in significant raw materials loss. Even
dual rotatable magnetron sputtering, a newer technique, which is less widely used but is
the highest efficiency technique available, can achieve only 75-80% utilization of
precursors.36 Solution-processing of nanomaterials offers a route toward more efficiently
utilizing raw materials to create high-efficiency solar cells. While “nanocrystal inks,”
which offer nanocrystals of a given crystal phase but a variety of sizes and morphologies,
have helped to demonstrate the potential for nanocrystal-based solar cells, there is still
room to improve. The ability to control parameters such as size and shape of nanocrystals
could control packing in films and provide the opportunity to intentionally build in
electronic structure at the nanoscale. The synthesis and solution-processing of CuInSe2
nanocrystals should open the door to better-controlled active layer morphologies, which
could lead to higher-efficiency solar cells.
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2.13 Experimental for Synthesis and Self-Assembly of Uniform Chalcopyrite
CuInSe2 Nanocrystals
2.13.1 Synthesis Experimental Section
Chemicals. All chemicals were used as received: selenium (IV) oxide (SeO2, Acros,
99.8%), 1-octadecene (ODE, Aldrich, 90% technical grade), hexadecylamine (HDA,
Aldrich, 90%), octadecylphosphonic acid (ODPA, PCI Synthesis), oleic acid (OlAc,
Aldrich, 90% technical grade), copper (I) chloride (CuCl, > 99%, Sigma-Aldrich), and
indium (III) chloride (InCl3, 99.999%, Aldrich). All solvents used are reagent grade,
purchased from Fisher Scientific: chloroform (CHCl3), isopropanol (IPA).
Nanocrystal Synthesis. All precursor preparation and synthesis was carried out on a
Schlenk line under nitrogen environment. First, a 0.8 M stock solution of SeO2 in ODE
was prepared by adding 1.775g (16 mmol) SeO2 to 20 mL ODE. While stirring under
nitrogen atmosphere, this mixture was heated to 180 °C overnight (~12 h). This Se-ODE
solution was then cooled to 120 °C prior to injection, which kept it homogeneous and
unsolidified. Separately, 0.050 g CuCl (0.5 mmol), 0.111 g InCl3 (0.5 mmol), 1.230 g
HDA (5 mmol), 0.066 g ODPA (0.2 mmol), and 10 mL ODE were loaded into a 50-mL
three-neck flask. This reaction flask was heated to 190 °C for one hour under nitrogen
atmosphere, and then subsequently heated to 290 °C. At 290 °C, 4 mL of the 120 °C SeODE solution was rapidly injected into the reaction flask containing the metal precursors.
Upon injection, the temperature fell as low as 250 °C but recovered to 290 °C. At 10-12
minutes after injection, the heating mantle was removed to allow the reaction mixture to
cool to room temperature. As the reaction cooled, 5 mL of room-temperature OlAc was
injected at 200 °C. For the reaction vessel, a glass-coated, type K thermocouple was used
to avoid reaction of the precursors with the metal thermocouple surface. All temperatures
were calibrated by heating a flask of ODE that simultaneously contained both a glasscoated and an uncoated thermocouple.
2.13.2 Isolation of Nanocrystals
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The contents of the reaction flask were transferred into a 50-mL centrifuge tube, to which
10mL CHCl3 was added. This mixture was sonicated in a warm water bath for five
minutes and centrifuged at 4000 rpm for 5 minutes to precipitate nanocrystalline
products. The light brown supernatant was discarded, and the dark brown precipitate was
redispersed in 20mL CHCl3. This suspension was sonicated in a warm water bath for five
minutes and centrifuged for 1 minute at 2000 rpm to precipitate any insoluble, bulk-like
side products. The precipitate was discarded, and 10 mL of IPA was added to the
supernatant. The IPA mixture was centrifuged at 4000 rpm for 3 minutes to precipitate
the nanocrystals. The final precipitate was then redispersed in 20 mL CHCl3, sonicated in
a warm water bath for five minutes and filtered through a 0.2 µm PTFE filter.
2.13.3 Preparation of Nanocrystal Films
Disordered films and monolayers were prepared by placing a drop of CHCl3 solution
onto a carbon-coated copper or nickel transmission electron microscopy (TEM) grid.
Allowing a drop to slowly collapse onto the grid resulted in domains of multilayer selfassembly at higher concentrations. Larger self-assembled films were prepared by
precipitating the nanocrystals from CHCl3 and redispersing them in tetrachloroethylene
(TCE) for slow evaporation. Best results were obtained when a portion of freshly
prepared solution was precipitated with IPA and directly redispersed in TCE for
deposition. A TEM grid was placed on the bottom of a 20 mL vial into which 40 µL of
CuInSe2 solution was added. This vial was tilted by 45° from the vertical, placed in a
vacuum oven set at 60 °C, and left under vacuum overnight.
2.13.4 Characterization of CuInSe2 Nanocrystals
Nanocrystals were drop-cast from CHCl3 onto 300 mesh carbon-coated copper, and 200
mesh carbon-coated nickel, transmission electron microscopy (TEM) grids for analysis.
The copper grids were used for larger-area imaging, performed on a JEOL JEM1400
TEM with a LaB6 filament, operating at 120 kV and equipped with an SC1000 ORIUS
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CCD camera. Selected-area wide-angle electron diffraction (SAWED) was performed
using a camera length of 25 cm, also on a JEOL JEM1400 TEM. The nickel grids were
used for high-resolution TEM (HRTEM) imaging, scanning TEM (STEM) imaging, and
energy dispersive spectroscopy (EDS) for elemental analysis, which were performed on a
JEOL 2010F TEM/STEM with a field emission gun (FEG), operating at 200 kV, and on a
CM200/FEG TEM/STEM, operating at 200 kV. EDS quantitative elemental analysis was
performed using Bruker Espirit software on the 2010F and Oxford Inca software on the
CM200. Wide-angle X-ray scattering (WAXS) was performed on a Rigaku Smartlab
diffractometer equipped with a 2.2 kW sealed tube generator using a copper Kα
(λ=1.54056 Å) source. For WAXS, nanocrystal solutions were concentrated several times
and drop-cast onto Si (100) wafers. WAXS nanocrystal modeling was performed using
the discretized form of the Debye equation with atomic form factors derived from
Cromer-Mann coefficients.75 Small-angle X-ray scattering (SAXS) was performed on a
multi-angle X-ray diffractometer system equipped with a Bruker Nonius FR591 rotatinganode X-ray generator, Osmic Max-Flux optics with pinhole collimation, and a Bruker
Hi-Star multiwire detector. Samples for SAXS were prepared by mixing 10 weight
percent PVB in chloroform, mixing with nanocrystals dispersed in chloroform, and
spreading on a glass slide to dry. SAXS samples were dried under ambient conditions for
approximately 1h and then at 40 °C for two hours, after which time, they were peeled off
of the glass slide as a flexible film.

2.14 Results and Discussion
2.14.1 Electron Microscopy Characterization of CuInSe2 Nanocrystal Shape and
Structure
The synthesized CuInSe2 nanocrystals (Figure 2.3D) are tetragonal bipyramids of
dimensions 16.5 nm x 23.4 nm. As shown in Figure 2.3A, the transmission electron
microscopy (TEM) projection of a predominantly disordered monolayer indicates that,
without ordering, the nanocrystals appear almost spherical with only slight visible
faceting. The scanning electron microscopy (SEM) image of a large-area, self-assembled
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film in Figure 2.3B also does not elucidate the shape; however, when oriented
nanocrystals are imaged by scanning TEM (STEM, Fi
Figure
gure 2.3C), their bipyramidal shape
becomes apparent (model shown in Figure 2.3F). In the high
high-resolution
resolution TEM (HRTEM)
image (Figure 2.3D) and its fast Fourier transform (FFT, Figure 2.3E), this shape can also
be observed in projection along the [20
[20-1] zone axis.

Figure 2.3. Electron microscopy of CuInSe2 nanocrystals. A) TEM image of a
nanocrystal monolayer (scale bar 100 nm), B) SEM image of an oriented CuInSe2
nanocrystal film, displaying a thick, cracked region and a portion of the flat, ~100 µm2
self-assembled
assembled area adjacent to it (scale bar 1 µm), C) high
high-resolution
resolution STEM image of a
monolayer of oriented nanocrystals (scale bar 30 nm), D) high
high-resolution
resolution TEM image of
a single nanocrystal, displaying (112) lattice plane spacings (scale bar 5 nm), E) FFT
FF of
nanocrystal shown in D, and E) model of self
self-assembled
assembled monolayer of CuInSe2
nanocrystals as shown in B and C.
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2.14.2 Synthesis and Elemental Analysis of CuInSe2 Nanocrystals
CuInSe2 nanocrystal growth is accomplished by injecting the selenium source into a hot
mixture of the copper and indium precursors. During growth, a copper-rich seed particle
grows, and over time, indium incorporates into the structure, forming CuInSe2
(Supporting Information Figure 1A&B and Main Text Figure 2.4A). This copper selenide
quasi-seeded growth mechanism is similar to what has been observed in successful
syntheses of uniform I2-II-IV-VI4 materials.71,72 In the case of CuInSe2, the product
eventually becomes nearly stoichiometric, and with longer growth time it becomes
slightly indium-rich (Table 2.1). The nanocrystals shown in Figure 2.3 are nearly
stoichiometric CuInSe2 nanocrystals, as measured by Energy Dispersive Spectroscopy
(EDS, Figure 2.4A). Their absorption is shown in Figure 2.4B.
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Figure 2.4. A) EDS spectrum of approximately 500 CuInSe2 nanocrystals (stoichiometry
Cu:In:Se 25:21:54; Ni signal is from the Ni TEM grid used as a support) and B) UVUV
visible absorption spectrum of CuInSe2 nanocrystals.
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Table 2.1. Quantitative EDS Results of Several Batches of Cu
Cu-In-Se
Se Nanocrystals.
Result

Cu atomic %

In atomic %

Se atomic %

Very copper-rich

43

15

42

Copper-rich

35

19

46

Nearly-stoichiometric

25

21

54

Nearly-stoichiometric

24

27

49

Indium-rich

22

31

47
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Reaction time

2.14.3 Structural Characterization of CuInSe2 Nanocrystals and Films by X-ray
Diffraction
CuInSe2 is known for its diversity of crystal structures.20 In the bulk, it is mainly known
for its tetragonal phase (α-CIS, space group I-42d), which is analogous to the
chalcopyrite phase of CuFeS2 (from which this class of ternary materials, the chalcopyrite
family, derives its name). This phase is based on the cubic zinc blende unit cell (derived
from the diamond structure) but is tetragonal due to cation ordering in the c-direction. Its
c-axis approximately equals twice the length of the a-axis, with slight tetragonal
distortion. This distortion results from the unequal valence of Cu(I) and In(III) cations
and the corresponding unequal lengths of Cu-Se and In-Se bonds, which are not
isotropically distributed around the tetrahedral Se sites. Under some conditions
(especially high-temperature growth), however, the Cu(I) and In(III) cations are
disordered, resulting in the sphalerite structure (δ-CIS, space group F-42m). When the
cations are disordered, the structure reverts back to a face-centered cubic (FCC) unit cell.
Other, indium-rich phases fall into the classifications of β-CIS and γ-CIS, which are
largely derived from the diamond lattice, similarly to the sphalerite and chalcopyrite
phases. Even in equilibrium structures, defects are very common. Due to its ternary
nature, CuInSe2 has a much greater accessible range of defect structures than related
binary compounds.76,77 In some cases, indium-rich phases have been uniquely identified,
whereas some can also be considered as ordered defect/vacancy compounds (ODCs or
OVCs) of the more common α-CIS phase.78 A metastable tetragonal CuAu phase (space
group P-4m2) has also been observed, primarily in coexistence with α-CIS since its
energy of formation is very similar to that of α-CIS.20 Under high pressure, a NaCl cubic
structure has been reported in CuInSe2 samples, appearing at 60 kbar when tested in a
diamond-anvil cell.23 In nanostructured materials, an additional hexagonal phase has been
reported.21,22 This cation-disordered phase is wurtzite, with a 50% probability that cation
sites will be occupied by either Cu(I) and In(III).
Figure 2.5 shows X-ray diffraction (XRD) data for nearly stoichiometric CuInSe2
nanocrystals. Figure 2.5A shows small-angle X-ray scattering (SAXS) from a dispersion
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of CuInSe2 nanocrystals in a film of polyvinyl butyral (PVB), along wi
with
th the SAXS
pattern simulated for a sample with the dimensions a = 15.4 nm and c = 21.8 nm and a
size dispersion of 8%. The SAXS ringing pattern and the high quality of the fit confirm
that the sample is as uniform at the bulk level as it appears over sele
selected
cted areas by electron
microscopy. Figure 2.5B shows the experimental and simulated wide
wide-angle
angle X-ray
X
scattering (WAXS) patterns. The data matches the standard CuInSe2 pattern (JCPDS #01#01
081-1936)
1936) well, and the intensities of the observed peaks correspond tto
o the intensities fit
with a tetragonal bipyramidal model (c
(c-axis
axis = 21.8 nm), supporting our observations of
the morphology.

Figure 2.5. X-ray
ray diffraction of CuInSe2 nanocrystals. A) Small angle experimental
pattern overlaid with simulation for CuInSe2 tetragonal bipyramidal nanocrystals with a
c-axis
axis of 21.8 nm and a size dispersion of 8% (inset: nanocrystal model). B)
Experimental WAXS pattern overlaid with simulated wide
wide-angle
angle pattern (inset:
experimentally observed characteristic chalcopyrite peak at 35°) with tetragonal CuInSe2
JCPDS #01-081-1936
1936 shown below.
Since the CuInSe2 tetragonal and sphalerite patterns are almost identical, in order to
differentiate between them, it is important to observe a unique chalcopyrite peak.38 The
low-intensity,
intensity, characteristic chalcopyrite (211) peak is visible in both the experimental
data and the simulation (inset: (211) peak). This peak clearly exists in the as-synthesized
as
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nanocrystal sample and proves the existence of the chalcopyrite, cation-ordered structure.
Partial coexistence of the sphalerite and CuAu phases cannot be ruled out, however, since
the XRD signatures of these structures are very similar.20 A low-intensity peak at 32.7° is
marked with an asterisk, which matches the NaCl CuInSe2 phase but could also arise
from a small amount of CuSe.
While most of the above-mentioned phases are fundamentally stoichiometric 1:1:2, a
variety of indium-rich ordered defect compounds based on the tetragonal structure are
stable and often occur.77 Several observed stoichiometries are: 1:3:5, 1:5:8, 2:4:7, and
3:5:9. Some of these structures likely result from reduced formation energies of cation
vacancy sites in chalcopyrites, and others as the result of energetically stabilized defect
pairs. However, all of these ordered defect structures are significantly indium-rich, which
we do not observe here. Our samples are nearly stoichiometric, slightly indium-rich, or
copper-rich. This could be due to nanoscale stabilization of copper-rich structures, but it
could also be a direct result of the synthetic pathway, in which a predominantly copper
selenide-rich seed particle is formed, which gradually incorporates indium as the reaction
proceeds (Supporting Information Figure 1A&B and Main Text Figure 2.4A). Indiumrich phases are also often difficult to distinguish by XRD, so elemental analysis must be
employed to aid in differentiation. For the experimental XRD pattern shown (Figure
2.5A), however, elemental analysis indicates near stoichiometry.
2.14.4 Self-Assembly of CuInSe2 Nanocrystals into Oriented, Single-Crystalline,
Multilayer Structures
When nanocrystals are able to self-assemble, an avenue is opened for construction of
films, which can be structurally modulated at the nanoscale. Self-assembled structures
form when particle size and shape are uniform enough that nanocrystals can become the
individual building blocks in a regular, often periodic, structure. Many examples of
nanocrystal assembly have been observed,56-58,60,61 but this area is largely unexplored in
the case of CuInSe2 nanocrystals. Occasionally, CuInSe2 samples have been reported to
form regularly-packed monolayers, but never ordered, multilayer structures.36,38 Here, we
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present results of nearly stoichiometric nanocrystals that form la
large,
rge, multi-micron-sized
multi
domains of oriented nanocrystals (Figure 2.6). Forming large
large-area, close--packed
structures of CuInSe2 has important implications for the construction of solar cell active
layers, since it not only assures dense packing and close con
contact
tact between edges of
neighboring nanocrystals for charge transport, but it also allows for structural and
electronic modulation to be built into the film.

Figure 2.6. Scanning electron microscopy (SEM) images (scale bars 100 nm) and highhigh
resolution SEM images (insets, scale bars 50 nm) of A) an ordered CuInSe2 nanocrystal
film and B) a disordered CuInSe2 nanocrystal film.
Figure 2.7 shows TEM and SEM images and a selected area wide
wide-angle
angle electron
diffraction pattern of three
three-dimensional arrays of ordered CuInSe2 nanocrystals. The endend
to-end
end packing motif shown is similar to that of In2O379 and Pt80 octahedra, as well as
CoFe2O4 truncated octahedra.81 When CuInSe2 nanocrystals self-assemble,
assemble, their
anisotropic, faceted nature creates a structure that takes on single
single-crystalline
crystalline behavior
(Figure 2.7A). The electron diffraction pattern in Figure 2.7A shows almost complete
transition to single-crystalline
crystalline-like packing. While this phenomenon has been observed in
phosphorescent nanocrystals,82 it is particularly interesting for semiconducting
nanocrystals because crystal anisotropy and orientation has an effect on the directionality
of energy levels and therefore has impl
implications
ications for charge transport. Figure 2.7A shows a
single-domain
domain superlattice, the electron diffraction of which produces a spot pattern like
that along the [20-1]
1] zone axis of a single
single-crystal
crystal bulk, tetragonal sample. The SEM
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image in Figure 2.7B shows th
that
at the film is both smooth across its surface and ordered
throughout its depth.

Figure 2.7. Electron microscopy of self
self-assembled,
assembled, oriented films of CuInSe2
nanocrystals. A) TEM image of self
self-assembled CuInSe2 nanocrystals with SAED inset
showing a diffraction
action pattern like that along the [20
[20-1]
1] zone axis of a single-crystal
single
bulk,
tetragonal sample (scale bar 50 nm) and B) high magnification SEM image of a cracked,
oriented film, showing the smooth film surface and uninterrupted ordering of
nanocrystals through
rough the thickness of the film (scale bar 150 nm).

2.15 Conclusions
In summary, we have presented a method to make oriented films of self
self-assembled
assembled
CuInSe2 nanocrystals. This provides a way to control composition and film morphology
that should lead to the
he ability to make efficient solar cell active layers from CuInSe2
nanocrystals. We simultaneously control the structural uniformity, crystal phase, and
composition of CuInSe2 nanocrystals and demonstrate that these nanocrystals are able to
self-assemble into three-dimensional,
dimensional, oriented films. With these building blocks, it
should be possible not only to deposit high
high-quality CuInSe2 films, but also to build
structural complexity into ordered, multicomponent films. This work should open up new
avenues to increase
rease the efficiency of photovoltaic devices by deliberately patterning highhigh
efficiency photovoltaic materials at the nanoscale.
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Chapter 3:
Structural and Optical Characterization of Cadmium Telluride
Quantum Dots and Nanocrystal-Based Cadmium Telluride Films1
1

Reprinted with permission from Saari, J.I.; Dias, E.A.; Reifsnyder, D.; Krause, M.M.;
Walsh, B.R.; Murray, C.B.; Kambhampati, P. “Ultrafast Electron Trapping at the Surface
of Semiconductor Nanocrystals: Excitonic and Biexcitonic Processes.” J. Phys. Chem. B,
2013, 117, 4412-4421.
A large portion of the work described in this chapter was performed with assistance from
Bianca C. Datta, an undergraduate at the University of Pennsylvania.

3.1 Introduction to Cadmium Telluride as a Solar Cell Active Layer Material
Zinc blende (a.k.a. sphalerite) cadmium telluride (CdTe) has been identified as a highefficiency solar cell active layer material, and in recent years, thin-film CdTe solar cells
have been commercialized aggressively and successfully by First Solar and other
companies.1 From early on, CdTe has been targeted as a promising material because of its
high extinction coefficient of approximately 5 x 104 at photon energies at and above 1.8
eV, and because of its 1.5 eV band gap, which is able to harvest most of visible light in
the solar spectrum.2,3 Since early reports, many studies have focused on development of
fabrication techniques for CdTe thin films with controlled film morphology and function,
and on engineering the electronic properties of CdTe thin films by introducing dopants.4
However, there are limitations inherent in CdTe processing due to its highly ionic
bonding, low tolerance to stoichiometric deviation, and a high liquidus temperature.
These properties make it suitable for high-temperature processing but also hinder the
ability to dope and otherwise manipulate film properties. Therefore, it is desirable to
develop low-temperature methods to control the formation of CdTe films. Under any
growth conditions, CdTe can be intrinsic; under Cd-rich conditions, it can be n-type; and
under Te-rich conditions, it can be slightly p-type. n-type doping can be limited by
compensating donor cadmium interstitials (Cdi2+) and cadmium vacancies, whereas there
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are few suitable p-type donors with high solubility in CdTe and shallow acceptor levels
available.5

3.2 Thin-Film CdTe Deposition Methods
Thin film CdTe solar cell modules have active layers that have been deposited by a
variety of methods, all of which fall into one of these two categories: high-temperature
growth (> 500 °C) or low-temperature growth (< 450 °C).4 Both vacuum and nonvacuum processes have been used. Close-space sublimation and close-space vapor
transport are examples of high-temperature growth, which occur at approximately 550
°C. Low-temperature growth methods include: electrodeposition, sputtering, and highvacuum evaporation. Efficiency, cost, ease of deposition, and issues arising from creation
of active layers with heterojunction morphology have all motivated progress in
understanding the effects of deposition procedure on CdTe film formation.
While growth of a single-component CdTe film might seem uncomplicated, it turns out
that the deposition procedure and conditions used have important implications for CdTe
active layer performance. Structural defects and grain size are two parameters that
contribute to film conductivity and vary widely across deposition techniques. Hightemperature growth leads to large grains (on the order of 10 µm) because the kinetics of
ion mobility at the growth surface is increased, while low-temperature growth gives
smaller grains (typically 0.1-0.5 µm) that result from slower growth from a greater
number of nucleation sites.4 It has been shown that annealing CdTe films and/or treating
them with CdCl2 can improve the mobilities of charge carriers in the films, so these
treatments are often applied to CdTe films formed by either deposition type. For lowtemperature films, post deposition annealing or CdCl2 treatment and subsequent
annealing leads to grain growth, although the grains do not recover the better crystallinity
of the films grown at high temperature. For films grown at high-temperature, CdCl2
treatment and annealing do not lead to grain growth but are observed to affect grain
boundaries and decrease the presence of structural defects.6
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3.3 Motivation for Low-Temperature CdTe Thin-Film Deposition
Despite the better crystallinity of high-temperature-grown CdTe films, it is appealing to
improve methods to deposit films at lower temperatures for the reasons of cost
minimization and ease of processing maximization. While several of the methods
introduced above are viable deposition methods, the advent of the quantum dot (QD) has
introduced the question of whether CdTe QDs can be useful building blocks for the
fabrication of thin-film solar cells. To answer this question, a wide range of experiments
must be conducted. Nanocrystals require a new set of parameters for nanocrystal growth
and deposition, chemical treatment for ligand exchange or doping, and possibly thermal
annealing to increase coupling between QDs that must be explored before CdTe QDs can
be used to the greatest effect in solar applications.

3.4 Examples of CdTe QD-Based Solar Cells to Date
Since 2005, several important reports of CdTe nanocrystal-based solar cells have
emerged in the literature (in contrast to the thin film CdTe solar cells grown by bulk
deposition methods). Initially, efficiencies were approximately 3%,7-9 slowly climbing to
5%10 and then just under and just above 7%.11,12 During the same time period, the
efficiencies of thin film (non-nanocrystal-based) solar cells have also been climbing. At
present, the record efficiency is approximately 19%.1 Most thin film CdTe solar cells rely
on a p-type CdTe/n-type CdS heterojunction, in which CdTe is the major light absorber
and the CdS is a relatively thin window layer).4 This design has not always been
mimicked in nanocrystal-based films; in fact, the most successful nanocrystal-based
CdTe solar cells have lacked a CdS layer: in some cases a ZnO layer has been
substituted,11,12 and in others a p-CdTe/Al Schottky geometry has been utilized.10 For
nanocrystal-based CdTe solar cells, two main approaches have been taken: 1) fabricating
absorber layers composed of both CdTe and CdSe in one device7-9 and 2) fabricating
absorber layers exclusively from CdTe.10-12 The development of synthetic techniques for
high optical quality CdSe nanocrystals grew much faster than that of CdTe or CdS;13
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therefore, CdSe was targeted first as a new solar material, especially in CdSe-only films
and hybrid organic-inorganic solar cells.14-16 After initial tests using CdSe in solar
devices, experiments were designed to exploit the fact that CdSe and CdTe form a type-II
heterojunction in the bulk.7,8,12,17,18 Over time, it has been demonstrated that compared
both to a bulk heterojunction, mixed film model and to a layered approached, CdTe
nanocrystal-based solar cells outperform their CdTe-CdSe analogues.8,12,17
In the highest efficiency CdTe nanocrystal-based solar cells that have that have been
reported, a CdCl2/annealing step is used in device fabrication.10-12 Just as this treatment
can promote grain growth in polycrystalline thin film solar cell active layers, it can also
promote grain growth, and hence efficiency, in nanocrystal-based solar cells. Yet, this
raises two questions: 1) Can quantum-confined CdTe nanocrystals be successfully
utilized in active layers without sacrificing the quantum-confined band gap and energy
states? and 2) Can recent improvements in conductivity of all-inorganic nanocrystal films
via ligand exchange strategies also sufficiently improve the conductivity in CdTe
nanocrystal-based films such that they can be used in working devices?

3.5 Overview of Recent Developments in Increasing QD conductivity via
Ligand Exchange
What makes nonpolar, surfactant-based, colloidal nanocrystal synthesis unique as a
materials preparation technique is its ability to grow crystallites in a controlled manner.
While there are many techniques to precipitate metal and chalcogenide precursors from a
solution to form compounds, few provide control over the size and shape of crystallites.
Surfactant-based synthesis can provide exceptional control, even down to the scale of
atomic roughness.19 An early example of this control for CdSe QDs has sparked the field
to expand explosively in the last 15+ years.
Since very early on, the potential of making films out of quantum dots has been
recognized.14 At first, the photoconductive properties of these films were demonstrated
using very sensitive electronics and by performing measurements at very low
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temperatures. However, the same surfactant molecules that make controlled synthesis
possible form insulating barriers between the inorganic nanocrystal cores, impeding the
flow of charges through films. Consequently, a very active subfield has been that of
removing the organic ligands from nanocrystals and, in many cases, replacing them with
smaller molecules that allow for better charge transport. At first, ligand exchange was
achieved by utilizing shorter-chain analogues of the synthesis ligands, but over time, a
large variety of ligands have been introduced.19-27
In QDs generally, a number of molecules and classes of molecules have been used. First,
in CdSe QDs, trioctylphosphine (TOP, 8-carbon chain) and TOP oxide (TOPO) were
replaced with tributylphosphine (TBP, 4-carbon chain) and TBP oxide (TBPO), pyridine,
and pyrazine, as well as several other classes of Lewis bases (amines, phosphites and
phosphates, furans) and Lewis acids (tributylborane and trioctylaluminum).19 For PbSe
QDs, ligand exchange with hydrazine produced field-effect transistor (FET) mobilities of
0.9 cm2 V-1 s-1.20 Other ligand exchanges that have been successful in increasing the
conductivity of PbSe and PbS QDs are 1,2-ethanedithiol (EDT) and methylamine.21 For
CdSe quantum dots, ligand exchanges such as butylamine, aniline, 1,6-diaminohexane,
1,4-phenylenediamine, NaOH, EDT, and 1,2-ethanediamine (EDA) have all shown
enhanced photoconductivity in QD films.22
Recently, molecular metal chalcogenide ligands and ionic ligands have shown especially
promising results. For example, in CdSe films treated with In2Se42-, mobilities of 16 cm2
V-1 s-1 have been achieved.23 In CdSe films treated with NH4SCN using evaporated
indium contacts, mobilities of 27 cm2 V-1 s-1 have been achieved.24 In films of PbSe QDs
treated with Na2S, electron mobilities have surpassed 7 cm2 V-1 s-1.25
In CdTe nanocrystals, specifically, a smaller number of ligand exchanges have been
explored. For CdTe nanocrystal-based solar cells, the most often used ligand exchange is
pyridine, a direct extension of early work on CdSe ligand exchange.10-12 EDA, a ligand
successfully applied to CdSe has also been used to study the microwave
photoconductivity through CdTe, CdSe, and CdTe-CdSe mixed QD films.26 Recently,
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CdTe QDs have been treated with K2Te (Te2- ligand) and In2Se42-and, in the latter case,
exhibited FET mobilities of 0.1 cm2 V-1 s-1.27 While K2Te-treated CdTe showed less
conductive p-type behavior, In2Se42- led to more conductive n-type behavior. This is
consistent with other data reporting n-type behavior in In2Se42--treated QD films and the
report of high n-type FET mobilities from CdSe QDs treated with the ligand NH4SCN
and processed in the presence of evaporated indium contacts.23,24
In this chapter, results are discussed that represent progress in preparing and
characterizing CdTe QDs and in characterizing thin films of CdTe QD arrays. This data
gives insight into the importance of the QD surface and the effects of various ligand
treatments on CdTe films in order to be able to draw structure-function relationships and
ultimately improve QD-based CdTe solar cells.

3.6 Experimental Section
Chemicals. All chemicals were used as received: cadmium oxide (CdO, powder,
≥99.99% trace metals basis, Aldrich), octadecylphosphonic acid (ODPA, PCI Synthesis),
tetradecylphosphonic acid (TDPA, PCI Synthesis), trioctylphosphine oxide 99%
(TOPO99%, 99%, Strem), 1-octadecene (ODE, technical grade, 90%, Acros),
trioctylphosphine (TOP90%, technical grade, 90%, Aldrich), trioctylphosphine
(TOP97%, 97%, Aldrich), tributylphosphine (TBP, mixture of isomers, 97%, Aldrich),
tellurium shot (Te, 1-2 mm, 99.999% trace metals basis, Aldrich), toluene (Fisher
Scientific, ACS reagent grade), and ethanol (Decon Labs, 190 proof), hexane (Fisher
Scientific, ACS reagent grade), methanol (Fisher Scientific, ACS reagent grade), acetone
(99.8%, extra dry, AcroSeal, Acros Organics), octylamine (99%, Aldrich), oleic acid
(OlAc, technical grade, 90%, Aldrich), and octane (≥99.0%, puriss. p.a., Sigma-Aldrich).
For work under nitrogen atmosphere, solvents were dried on an alumina column or over
calcium hydride (Acros Organics, ca. 93 %, extra pure, 0-2 mm grain size).
TOPTe Stock Solution Preparation: 1 g Te shot was added to 10 mL TOP90% and stirred
at room temperature under nitrogen atmosphere overnight. This resulted in a 10% w/v
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(0.79 M) TOPTe stock solution, which was used in most cases where TOPTe was used.
The same procedure was performed using TOP97% for comparison, but using 97% TOP
did not result in higher QD quality either by UV/Vis or TEM analysis.
TBPTe Stock Solution Preparation: 0.1 g Te was dissolved in 2.35 mL TBP under
nitrogen atmosphere at room temperature and then diluted with 7.6 mL dried ODE (ODE
was dried prior to use by heating to 120 °C under vacuum for 5 h).
3.6.1 Nanocrystal Synthesis.
All synthesis was carried out on a Schlenk line under nitrogen environment. Synthetic
conditions were based on the conditions found in references 28 and 29.
ODPA-Based Reactions: For CdTe with a first absorption peak at or above 647 nm, CdO,
ODPA, and TOPO99% were combined in a three- or four-neck flask (flask sizes ranged
from 50-mL to 250-mL) and heated to 300 °C, stirring, until the mixture turned clear.
Once clear, it was cooled to 120 °C and held under vacuum for 3 hours. It was then
purged with nitrogen and heated to 325 °C. At 325 °C, TOPTe was injected quickly, and
the reaction was run for up to 10 min. Depending on the length of reaction and reaction
scale, the reaction temperature either recovered only to 305 °C or as high as 330 °C. For
small-scale reactions, the temperature recovered to ~318 °C and was held there for
reaction. For larger reactions, the growth temperature rarely increased above 305 °C.
TDPA-Based Reactions: In a 50-mL three-neck round-bottom reaction flask, 0.0384 g
(0.3 mmol) CdO, 0.171 g (6.14 mmol) TDPA, and 15.2 mL ODE were combined. Under
nitrogen, the reaction flask was heated to 300 °C for 30 minutes, with a 21 gauge needle
as an outlet through a septum. After 30 minutes, the heating mantle and outlet were
removed, and 3 mL of the TBPTe stock was rapidly injected. The reaction flask was
allowed to cool to room temperature with no additional heating.
Small-scale ODPA-based reactions resulted in high quality nanocrystals (primarily
spherical, ≤ 10 % size dispersion) with 5+ observable absorption peaks and a first
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absorption peak in the range from 647 nm to 720 nm. In this case, the reaction consisted
of 0.035 g CdO, 0.275 g ODPA, 3.725 g TOPO99%, and 0.35 mL TOPTe (using
TOP90%). [Chen] Scaled up version of this procedure did not yield high quality QDs
with first absorption peaks greater than 689 nm. 24x scaled up reactions (0.84 g CdO,
6.60 g ODPA, 89.4 g TOPO99%, 8.4 mL TOPTe) only produced high quality QDs when
the heating mantle was removed within 1 min and first absorption peaks were ~650 nm.
Between 1x and 24x, it was possible to obtain QDs with first absorption peaks between
~650 nm and ~690 nm.
Small-scale TDPA-based reactions resulted in high quality nanocrystals (spherical, ≤ 10
% size dispersion) with 3-5 observable absorption peaks and a first absorption peak in the
range of 552 nm to 625 nm.
3.6.2 Nanocrystal Isolation and Purification
ODPA-based nanocrystals: After reaction, anhydrous toluene was added to the reaction
mixture upon cooling to 150 °C, and the mixture was transferred via cannula to a
nitrogen-purged transfer flask. This flask was transferred into a glovebox filled with
nitrogen atmosphere for purification and storage. QDs were precipitated with ethanol (2:1
ethanol/reaction mixture, 8000 rpm for 3-5 min) twice with intermediate redispersion in
toluene, and then redispersed in hexane, precipitated with methanol (1:1
methanol/hexane, 8000 rpm for 1-3 min), and redispersed in hexane. The final hexane
solution was centrifuged for 5 min at 8000 rpm and passed through a 0.2 µm PTFE
syringe filter. The intermediate and final precipitates were solid powders.
TDPA-based nanocrystals: After reaction, the reaction products were transferred air-free
via cannula into a glovebox with nitrogen atmosphere. Precipitation with various
solvent/antisolvent mixtures (hexane/acetone, toluene/ethanol, hexane/ethanol/methanol,
chloroform/acetone, chloroform/ethanol/methanol) caused formation of a viscous liquid
“precipitate.” The original reaction product mixture (~18 mL, clear and colored: orange,
red, red/green, or brown) was condensed to ~1mL of clear and colored nanocrystal liquid
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with a clear or whitish/clear supernatant. The supernatant was removed via pipette, and
precipitation was repeated at least 5x using a variety of the solvent combinations listed
above. No precipitation method utilized yielded a solid powder precipitate. Adding 100
µL to 1mL of octylamine or oleic acid during precipitation steps (methods that are
successful in some nanocrystal purification procedures) also did not convert the viscous
liquid precipitate into a solid precipitate. The condensed liquid precipitate was stored
under nitrogen and redispersed in anhydrous or non-anhydrous toluene for measurement.
3.6.3 Formation of CdTe QD films
ODPA-based CdTe, which formed a solid precipitate during purification steps could be
redispersed in numerous solvents (e.g., hexane, octane, hexane/octane mixtures, toluene,
chloroform) for processing.
Drop casting: Films were drop cast onto glass, quartz, and silicon substrates from a 9:1
hexane/octane mixture. For this, typically, 45 µL of CdTe in hexane were mixed into 5
µL octane. 10 uL of this solution was drop-casted onto a 19 mm x 19 mm quartz
coverslip or 1” x 1” (1 mm thick) quartz substrate. Substrates were freed of macroscopic
dust by careful pulsing with a nitrogen gun before deposition. For the smoothest films, it
was important to drop cast on a level surface, depositing from the center of the substrate
(avoiding bubbles forming from the pipette tip), and using a small enough volume of the
CdTe solution that it spread toward the substrate’s edges without meeting them. If too
much liquid was applied, the solution flowed out toward the substrate’s edges and flowed
back toward the interior of the substrate, leaving drying rings and other marks indicative
of uneven thickness in the dried film. The CdTe solution could be concentrated to the
desired optical density before deposition.
Spin coating: CdTe (dried from hexane, redispersed in octane, and filtered through a 0.2
µm PTFE syringe filter) was spin coated from octane by covering a substrate with CdTeoctane solution and spinning uninterruptedly at 900 for 10 s and then at 1200 for 15 s.
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Dip coating: CdTe in hexane was loaded into a Teflon well on a KSV 6-well linear dip
coater. A flat substrate (e.g., quartz, glass, silicon) was attached to the clip, hanging
vertically, on the mobile dipper arm. The dipper arm moved at 300 mm/min and dipped
sequentially into the CdTe well and several ligand exchange solution wells and solvent
rinse wells. The soak times and pauses between dips could be programmed individually.

3.7 Results and Discussion
3.7.1 Synthesis of a Size Series of High Optical Quality CdTe QDs via Use of
Phosphonic Acids
CdTe was synthesized with very high optical quality over the range of 552 nm to 716 nm,
as shown by the numerous well-resolved peaks in the absorption spectra (Figure 3.1).
This was achieved via phosphonic acid based synthesis. Various preparations of CdTe
QDs have shown some degree of size-tunability, but the highest optical quality
(determined by peak linewidths and number of absorption transitions resolved) have
consistently resulted from phosphonic acid based synthesis. To achieve the level of
tunability shown here, best results came from using TDPA-based synthesis for smaller
CdTe spheres (λ ≤ 645 nm) and using ODPA-based synthesis for larger CdTe spheres (λ
≥ 645 nm). All QDs were luminescent, and PL was best preserved by purifying and
storing QDs under nitrogen atmosphere.
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Figure 3.1 UV/Visible absorption spectrum of a size series of CdTe quantum dots
dispersed in hexane.
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3.7.2 Electron Trapping at the CdTe QD Surface
Preparation of CdTe QDs with well-resolved absorption features makes it possible to
study the optical properties of CdTe QDs in new ways.30,31 The technique of stateresolved optical pumping, which has been successfully applied to CdSe QDs,32 can be
used to probe the relaxation processes in CdTe QDs. Since CdTe is a more
technologically-relevant material for thin film solar applications than CdSe is, it is of
interest to expand upon knowledge gained from study of CdSe in order to understand the
electronic structure of CdTe. A particular area of interest for nanocrystal-based solar cells
is an understanding of the role of surface processes in exciton decay.
Electron trapping at CdTe QD surfaces was studied by applying excitonic state-resolved
pump/probe spectroscopy to two CdTe QD samples of similar size (diameter ≈ 3 nm): 1)
a freshly-prepared CdTe QD sample (“fresh CdTe”) that was diluted in toluene and
measured immediately, subjected to no washing steps that are known to strip surface
ligands,33,34 and 2) an aged CdTe QD sample (“aged CdTe”) that had been subjected to
extensive washing steps (under nitrogen atmosphere), which are known to strip ligand
molecules off the QD surface an decrease PL, even under nitrogen atmosphere, but
especially dramatically upon air exposure. Despite initial handling of the aged CdTe
under nitrogen atmosphere, PL studies of the CdTe QDs were performed in air. As
expected, the fresh CdTe shows bright band edge PL, whereas the aged CdTe shows
similar band edge PL but at greatly reduced intensity (100x magnified as shown in Figure
3.2). As synthesized, the aged CdTe had also shown very bright PL, but the combination
of washing (depassification of surface trap sites) and subsequent air exposure during
measurement diminished the intensity. As a result, it became possible to analyze the
exciton dynamics of CdTe QDs as related to surface trap states, since a comparison can
be made between the spectroscopic behavior of CdTe QDs that trap excitations on a time
scale similar to as-synthesized (unwashed) CdSe nanocrystals and CdTe QDs that trap
excitations much more rapidly.
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Figure 3.2 Linear absorption and photoluminescence from TDPA-based CdTe synthesis.
A) A freshly-prepared sample, diluted in toluene after synthesis without any
purification/washing steps, measured in air. B) A sample precipitated and redispersed
multiple times under nitrogen atmosphere, concentrated to as dense a liquid as possible
since it did not precipitate in powder form, shipped internationally in a nitrogen-purged
septum-capped vial, and stored for approximately one month before diluting in toluene
and measuring in air. PL in (B) has been increased by 100x.
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While Figure 3.2 shows the linear absorption and PL of CdTe QD samples used for
study, even more information can be extracted from the transient absorption (TA) of the
samples. Figure 3.3 shows their TA spectra, represented in two ways: 1) as threedimensional surfaces, and 2) as contour plots. In each, the major feature is shown in blue.
This is the band edge exciton bleach (B1), which is also the major feature in the linear
absorption spectrum. When pumped into the band edge (X1), a much more rapid
relaxation of B1 is observed in the aged sample compared to in the fresh sample. This can
also be seen clearly in Figure 3.3A.
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Figure 3.3 Transient absorption spectra of TDPA-based CdTe QDs. TA spectra shown as
three-dimensional surfaces for A) fresh CdTe and B) aged CdTe. TA spectra shown as
contour plots for C) fresh CdTe and D) aged CdTe. The most intense feature in all four
plots (blue) is the band edge exciton bleach (B1).
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3.4 Femtosecond pump/probe transients of the B1 feature (band edge exciton bleach). A)
Comparison of relaxation time for B1 in fresh and aged samples. B) Comparison of
relaxation times in the aged CdTe for excitation that is incident at different energies (X1,
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X2, X3). These energies correspond to the various, well-resolved absorption features
shown in Figure 3.2(B). C) Pump fluence dependence of B1 relaxation in the aged CdTe.
Figure 3.4B shows a comparison between B1 deexcitation after pumping into various
states (X1, X2, X3). X1 and X2 show similar responses because of the two-fold
degeneracy of the X1 state, compared to X3, which shows a longer decay time.
Excitations into X3, which is at higher energy than the band edge, can decay either into
states X1&2 or by radiative or non-radiative pathways. Excitations into X1&2, however,
can decay only by electron depopulation pathways such as radiative recombination (i.e.,
PL) or non-radiative recombination (i.e., electron transfer to trap states). Thus, to make a
clear comparison between exciton dynamics, it is helpful to analyze X1 excitations,
which isolates band-edge recombination dynamics. Figure 3.4C shows the dependence of
X1 deexcitation behavior on pump fluence.
3.7.3 Structural Analysis of Ligand-Exchanged CdTe QD-Based Films
While the stripping of ligand molecules due to washing of QDs has been demonstrated to
decrease QDs’ PL efficiency, manipulation of QDs is essential to the realization of their
utilization in inorganic-based thin-film optical and electronic applications. Reaction
mixtures resulting from nanocrystal synthesis are a combination of nanocrystal products,
solvent, unreacted precursors or byproducts, ligand molecules attached to nanocrystal
surfaces (bound ligands), and excess ligands (free or solvated ligands) essential for
controlled nanocrystal growth. In some cases, the solvent is a distinct chemical that plays
no known active role in nanocrystal growth (a.k.a., a non-coordinating solvent; e.g.,
ODE), and in other cases, the solvent plays an active role in synthesis and doubles as a
ligand molecule (a.k.a., a coordinating solvent; e.g., TOPO). Since there is a high ratio of
organic to inorganic matter in a colloidal nanocrystal synthesis reaction, it is necessary to
extract the nanocrystals in order to form uniform, inorganic-based thin films. An
unwashed, as synthesized reaction mixture will either solidify at room temperature into a
largely organic matrix containing nanocrystals, or it will be greasy and not solidify at all.
Washing procedures based on solvent/antisolvent mixtures and centrifugation have been
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successful at extracting solvents from nanocrystal products. Simultaneously, unreacted
precursors, byproducts, and some portion of the ligands in the mixture are also removed.
It has been suggested that washing can also affect the nanocrystal surface by stripping
inorganic surface atoms, and it has been shown that by adding inorganic ions back into
solution, PL quantum yields can be increased post-washing. 27,34
Unanswered questions exist surrounding the structure of nanocrystal surfaces that results
from variations on the current standard washing procedure of nanocrystals. However, the
study of thin films deposited from nanocrystals rely on manipulation of nanocrystal
surfaces, either via an unselective washing procedure or a targeted solution-phase ligand
exchange. While some chemistries can be performed in solution and result in
nanocrystals soluble enough for the deposition of uniform films, this feature does not
extend to all types of ligand exchange or even for all nanocrystal materials under similar
conditions of a single ligand exchange.35,36 Therefore, it is useful to perform a washing
procedure to isolate nanocrystals from the reaction mixture such that they can be
deposited into inorganic-based films. Then, ligand exchange can be performed on a series
of films formed under the same deposition conditions.
Here, results are shown from the synthesis, washing by solvent/antisolvent addition and
centrifugation, deposition, and ligand treatment of inorganic-based films made from
colloidally-prepared ODPA-based CdTe QDs. Many ligand exchanges reported recently
have been especially effective for removing oleic acid, which is a ligand molecule
commonly employed for a variety of nanocrystal syntheses. However, the synthesis of
high quality (as determined by the number of well-resolved peaks in the optical
absorption and by TEM size and shape dispersion analysis), spherical CdTe QDs with
oleic acid has not typically been as yielding as syntheses based on phosphonic acids. In
contrast, a variety of ligand exchanges have proven more effective on oleic acid-capped
nanocrystals than on phosphonic acid-capped nanocrystals or thiol-capped
nanocrystals.35,36 (CdTe nanocrystals have also routinely been synthesized with thiolbased ligands, especially in aqueous preparations, but since the optical quality does not
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exceed that of phosphonic acid-based preparations, these are not considered here in
depth.)
While strong binding of phosphonic acids to Cd ions may be the reason for their
successful application to cadmium chalcogenide nanocrystal syntheses, the difficulty in
displacing them with reported ligand exchange procedures makes it interesting to explore
the effectiveness of various ligand exchange procedures on CdTe QDs. If ligand
exchange can be successfully performed on CdTe QDs, this paves a way toward more
effective technological application of CdTe QDs. The three main characterization
techniques applied to this CdTe nanocrystal-based films were: UV/Visible absorption
spectroscopy, small-angle X-ray scattering (SAXS), and Fourier transform infrared
spectroscopy (FTIR). Transmission electron microscopy (TEM) characterization and
absorption spectroscopy of the as-synthesized CdTe nanocrystals was also performed
(Figure 3.5).
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Figure 3.5. TEM of CdTe QDs used for CdTe QD film studies: A) Large area TEM
image shows ensemble uniformity (scale bar 100 nm), B) smaller area TEM image shows
≤ 10% size and shape dispersion (scale bar 50 nm), and C) UV/Vis spectrum of CdTe
QDs in hexane solution shows high optical quality of ssample (λabs = 667 nm).
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As can be seen from Figures 3.5A&B, the CdTe sample is homogeneously composed of
spherical QDs with a 6 nm diameter with a ≤ 10% size and shape dispersion. The QDs
were drop casted from 9:1 hexane/octane solution into optically uniform films. These
films were then soaked for 1 minute in a methanol solution (1% w/v) of ligand solution.
The ligands chosen for this study were: hexadecyltrimethylammonium chloride (HTAC,
Cl- ligand), ammonium thiocyanate (NH4SCN, -SCN ligand), sodium hydroxide (NaOH,
-

OH ligand), ethylenediamine (EDA), potassium hydrogen sulfide (KHS, HS- ligand), and

potassium sulfide (K2S, S2- ligand). These ligands were chosen from literature reports as
some of the most promising for CdTe QDs because they have either been proven to be
successful in ligand exchange of phosphine/phosphonic acid ligands from CdSe or CdTe
quantum dots, or because they belong to the recently reported class of atomic or nearly
atomic ligands, which have the potential to result in greatly decreased interparticle
spacings. Reduced interparticle spacing should correspond to enhanced coupling between
nanocrystals and higher conductivity films. Specifically, Cl- is a member of the class of
atomic ligands that have been successful on PbE (E=S,Se) QDs,37 -SCN has led to high
mobilities in CdSe nanocrystal-based FETs,24 -OH has resulted in relatively high
photoconductivity and one of the smallest recorded interparticle spacings in CdSe
quantum dots,22 EDA has proven a successful ligand exchange for both CdSe and CdTe
quantum dots as measured by microwave photoconductivity,18,26 and the small ligands
HS- and S2- are likely to lead to very small interatomic spacings due to their small size.35
The process of ligand exchange strips the original ligands away from the QD surface and
passivates the newly created dangling bonds with the new ligand. In an idealized
situation, when this happens, the nanocrystals retain their exact size and shape and simply
move closer to each other, retaining their individual properties. If the QDs become close
enough to each other, the wavefunctions that are by definition imperfectly confined
within a QD can spill out of one QD and into the next. This gives rise to a somewhat
contradictory scenario, in which a quantum dot retains its quantum confined energy
levels but, at the same time, the probability overlap between nanocrystals increases such
that electrons or holes are more likely to be transferred between neighboring QDs. In
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reality, however, ligand exchange can be a messy process. In the first place, ligand
treatment does not necessarily indicate complete ligand exchange. Insulating synthesis
ligands in many cases are only partially removed, meaning that they still form a barrier to
conduction to some degree. Their continued presence means that there is a limit to the
minimum interparticle spacing achievable, yet it also can mean that fewer surface trap
states are introduced. Figure 3.6 shows FTIR data from a series of QD films in the region
of the C-H stretch (2750-3000 cm-1). The untreated film shows distinct C-H features, and
ligand treated films show a reduction in the intensity of these peaks. In this case, it can be
seen that HTAC is least effective at removing the original ligands, and NH4SCN partially
removes the original ligands. Whereas the peaks are clearly visible in these cases, K2S
and KHS result in almost complete removal of the original ligands, which corresponds to
barely any evidence of the C-H peaks.
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3.6 FTIR absorbance data for QD films, showing the C
C-H
H stretching region from 27502750
3000 cm-1. Top to bottom: untreated film, HTAC, SCN, K2S, and KHS.
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Figure 3.7 shows optical and X-ray characterization of ligand treated CdTe QD films.
Figure 3.7A shows the untreated film’s absorption features and how they change or are
retained upon ligand treatment. The two common signatures of ligand exchange are: 1) a
bathochromic (red) shift of the first excitonic absorption wavelength, and 2) broadening
of the absorption peaks. As presented in Table 3.1, all ligand treatments result in a red
shift of the first absorption peak. There is a difference in magnitude of peak shift across
different treatments, with EDA giving the smallest shift (1nm) and K2S giving the largest
shift (35 nm). EDA, HTAC, and SCN all give rise to very small red shifts (1-3 nm) and
retain most of the absorption peak detail found in the untreated film. This indicates that
the optical properties of these treated films are very similar to those of the untreated film,
including retention of a similar degree of quantum confinement. NaOH treatment shows
two changes: 1) a larger peak shift and flattening of the higher excited state features
below 600 nm. This indicates a greater loss of quantum confinement, although it is still
modest (10 nm), and indicates redistribution of the oscillator strengths of higher energy
absorption transitions. In the case of the KHS and K2S ligand treatments, the effects seen
for NaOH are more pronounced: a larger red shift (33 nm and 35 nm, respectively) and
reduction of the higher excited state intensities. In addition, the first excitonic peaks are
smeared out, indicating loss of discrete quantum confined energy states.
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Figure 3.7 CdTe QD films before and after lig
ligand
and treatment. A) Absorption spectra of
films with various treatments. B) SAXS patterns of films with various treatments,
including SAXS pattern of QD dispersion in hexane (top). In both A&B, from bottom to
top: untreated film, HTAC, SCN, EDA, NaOH, KHS, K2S.
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In addition to seeing the effect that ligand treatment has on optical properties, it is
informative to look at interparticle spacing across various treatments. Figure 3.7B shows
small-angle X-ray scattering (SAXS) patterns for the films shown in Figure 3.7A. The
untreated film has a distinct peak at 2θ = 1.37 degrees. For all ligand treatments except
for HTAC and SCN, this peak is shifted to higher 2θ value, indicating a decrease in
interparticle spacing. For HTAC and SCN treatment, there is no shift in the SAXS peak,
indicating no change in interparticle spacing, and the shape of the peak is also preserved.
For NaOH, the shape is also preserved, but in this case, a peak shift of 0.08 degrees
occurs, indicating a reduction in interparticle spacing. EDA shows a peak shift of 0.16
degrees with increased intensity below 2θ = 1.2 degrees. KHS and K2S result in peak
shifts of 2θ = 0.16 degrees and 0.24 degrees, respectively, which exhibit an even greater
increase in intensity below 2θ = 1.4 degrees, extending all the way up to the peak
maxima.
Taken together, the absorption data and SAXS data optical and corresponding structural
changes in films made from CdTe QDs. For both HTAC and SCN treatments, the
absorption spectra and SAXS patterns are nearly identical to those of the untreated film.
This indicates that there is no discernible change in the optical transitions or interparticle
spacings after these ligand treatments. This correlates well with the nearly absent
reduction in C-H peak intensity in the FTIR spectra for HTAC and the partial intensity
reduction for SCN. Small changes occur to both the optical spectra and the SAXS
patterns when the films are treated with EDA and NaOH, indicating that these treatments
are more effective at decreasing the interparticle spacing, while leaving the optical
transitions and band gap values altered only slightly. KHS and K2S, on the other hand,
produce drastic changes in the optical properties as well as significant shifts in the SAXS
peak positions. This is not surprising, given that nearly the entire C-H stretch disappeared
from the FTIR spectra after treatment with these ligands. Although a partial SAXS peak
is retained, there is a significant intensity increase at lower 2θ values, which indicates and
increase in electron density at distances other than a well-defined interparticle spacing.
Optically, the KHS and K2S films look almost bulk-like after loss of distinct excitonic
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transitions due to spreading of the wavefunctions through a larger CdTe. Although the
transitions smear, only some of the expected intensity is shifted toward the bulk band
gap, which indicates that the QDs in the film are not completely destroyed. This could be
due to reshaping of the particles during ligand treatment as surface atoms are
redistributed across the film, forming QD surfaces in greater contact or small channels
between adjacent QDs.
Table 3.1. First Excitonic Absorption Peak Shifts vs. Untreated Film Peak Position
Ligand treatment

First absorption peak position

Peak shift vs. untreated film

Untreated

667 nm

0 nm

HTAC

669 nm

2 nm

SCN

670 nm

3 nm

EDA

668 nm

1 nm

NaOH

677 nm

10 nm

KHS

700 nm*

33 nm*

K 2S

702 nm*

35 nm*

* Asterisk indicates estimated value since first absorption feature is smeared out.

68

Table 3.2. Major SAXS Peak Position vs. Peak Position of Untreated Film.
Ligand treatment

Major SAXS peak position

Peak shift vs. untreated film

Untreated

2θ = 1.37 degrees

0.00 degrees

HTAC

2θ = 1.37 degrees

0.00 degrees

SCN

2θ = 1.37 degrees

0.00 degrees

EDA

2θ = 1.53 degrees

0.16 degrees

NaOH

2θ = 1.45 degrees

0.08 degrees

KHS

2θ = 1.53 degrees

0.16 degrees

K 2S

2θ = 1.61 degrees

0.24 degrees

69

3.8 Conclusions
The data presented here demonstrate the importance of the CdTe nanocrystal surface and
its impact on the optical and structural properties of CdTe QD-based films. Just as
deposition conditions and grain boundary features can affect the electronic properties of
bulk-deposited thin films, shifts in the energy of excitonic states, surface trap passivation,
and interparticle spacing in QD-based films can affect the ability of charge carriers to
move throughout the films. As a result, gaining a comparative understanding of the
effects of various ligand treatments is a prerequisite to understanding structure-function
relationships that will help to engineer more useful solar cell active layers.

70

References:
1. First Solar Website. http://www.firstsolar.com/ [Accessed 6/1/2013]
2. Birkmire, R.W.; Eser, E. 1997. Polycrystalline Thin Film Solar Cells: Present
Status and Future Potential. Annu. Rev. Mater. Sci., 27, 625-653.
3. Scheer, R.; Schock, H.-W. Chalcogenide Photovoltaics: Physics, Technologies,
and Thin Film Devices. John Wiley & Sons, 2011.
4. Romeo, A.; Terheggen, M.; Abou-Ras, D.; Bätzner, D.L.; Haug, F.-J.; Kälin, M.;
Rudmann, D.; Tiwari, A.N. Development of Thin-Film Cu(In,Ga)Se2 and CdTe
Solar Cells. Prog.Photovolt: Res. Appl. 2004. 12, 93-111.
5. Wei, S.H.; Zhang, Z.B.; Zunger, A. 2000. First-Principles Calculation of Band
Offsets, Optical Bowings, and Defects in CdS, CdSe, CdTe, and Their Alloys. J.
Appl. Phys., 87, 1304-1311.
6. Moutinho, H.R.; Al-Jassim, M.M.; Abulfotuh, F.A.; Levi, D.H.; Dippo, P.C.;
Dhere, R.G.; Kazmerski, L.L. 1997. Studies of Recrystallization of CdTe Thin
Films after CdCl2 Treatment. Proc. 26th IEEE Photovoltaics Specialists
Conference, New York, 431-434.
7. Gur, I.; Fromer, N.A.; Geier, M.L.; Alivisatos, A.P. 2005. Air-Stable, AllInorganic Nanocrystal Solar Cells Processed from Solution. Science, 310, 462465.
8. Anderson, I.E.; Breeze, A.J.; Olson, J.D.; Yang, L.; Sahoo, Y.; Carter, S.A. 2009.
All-Inorganic Spin-Cast Nanoparticle Solar Cells with Nonselective Electrodes.
Appl. Phys. Lett., 94, 063101.
9. Ju, T.; Yang, L.; Carter, S. 2010. Thickness Dependence Study of Inorganic
CdTe/CdSe Solar Cells Fabricated from Colloidal Nanoparticle Solutions. J.
Appl. Phys., 107, 104311.
10. Jasieniak, J.; MacDonald, B.I.; Watkins, S.E.; Mulvaney, P. 2011. SolutionProcessed Sintered Nanocrystal Solar Cells via Layer-By-Layer Assembly. Nano
Lett., 11, 2856-2864.

71

11. MacDonald, B.I.; Martucci, A.; Rubanov, S.; Watkins, S.E.; Mulvaney, P.;
Jasieniak, J.J. 2012. Layer-by-Layer Assembly of Sintered CdSexTe1-x
Nanocrystal Solar Cells. ACS Nano, 6, 5995-6004.
12. Olson, J.D.; Rodriguez, Y.W.; Yang, L.D.; Alers, G.B.; Carter, S.A. 2010. CdTe
Schottky Diodes from Colloidal Nanocrystals. Appl. Phys. Lett., 96, 242103.
13. Murray, C.B.; Norris, D.J.; Bawendi, M.G. 1993. Synthesis and Characterization
of Nearly Monodisperse CdE (E = S, Se, Te) Semiconductor Nanocrystallites. J.
Am. Chem. Soc., 115, 87-6-8715.
14. Kagan, C.R. Ph.D. Thesis in Materials Science and Engineering. MIT, 1996.
15. Greenham, N.C.; Peng, X.; Alivisatos, A.P. 1996. Charge Separation and
Transport in Conjugated-Polymer/Semiconductor-Nanocrystal Composites
Studied by Photoluminescence Quenching and Photoconductivity. Phys. Rev. B,
54, 17628-17637.
16. Leatherdale, C.A.; Kagan, C.R.; Morgan, N.Y.; Empedocles, S.A.; Kastner, M.A.;
Bawendi, M.G. Photoconductivity in CdSe Quantum Dot Solids. Phys. Rev. B.
2000, 62, 2669-2680.
17. Geyer, S.; Porter, V.J.; Halpert, J.E.; Mentzel, T.S.; Kastner, M.A.; Bawendi,
M.G. 2010. Charge Transport in Mixed CdSe and CdTe Colloidal Nanocrystal
Films. Phys. Rev. B, 82, 155201.
18. Talgorn, E.; de Vries, M.A.; Siebbeles, L.D.A.; Houtepen, A.J. Photoconductivity
Enhancement in Multilayers of CdSe and CdTe Quantum Dots. ACS Nano
19. Murray, C.B. Ph.D.Thesis in Chemistry. MIT, 1995.
20. Talapin, D.V.; Murray, C.B. 2005. PbSe Nanocrystal Solids for n- and p-Channel
Thin Film Field-Effect Transistors. Science, 310, 86-89.
21. Luther, J.M.; Law, M.; Beard, M.C.; Song, Q.; Reese, M.O.; Ellingson, R.J.;
Nozik, A.J. 2008. Schottky Solar Cells Based on Nanocrystal Films, 8, 34883492.
22. Jarosz, M.V.; Porter, V.J.; Fisher, B.R.; Kastner, M.A.; Bawendi, M.G. 2004.
Photoconductivity Studies of Treated CdSe Quantum Dot Films Exhibiting
Increased Exciton Ionization Efficiency. Phys. Rev. B, 70, 195327.
72

23. Lee, J.-S.; Kovalenko, M.V.; Huang, J.; Chung, D.S.; Talapin, D.V. 2011. BandLike Transport, High Electron Mobility and High Photoconductivity in AllInorganic Nanocrystal Arrays. Nature Nanotech., 6, 348-352.
24. Choi, J.-H.; Fafarman, A.T.; Oh, S.J.; Ko, D.;-K.; Kim, D.K.; Diroll, B.T.;
Muramoto, S.; Gillen, J.G.; Murray, C.B.; Kagan, C.R. 2012. Bandlike Transport
in Strongly Coupled and Doped Quantum Dot Solids: A Route to HighPerformance Thin-Film Electronics. Nano Lett., 12, 2631-2638.
25. Liu, Y.; Tolentino, J.; Gibbs, M.; Ihly, R.; Perkins, C.L.; Liu, Y.; Crawford,
N.R.M.; Hemminger, J.C., Law, M. 2013. PbSe quantum dot field-effect
transistors with air-stable electron mobilities above 7 cm2V-1s-1. Nano Lett., 13,
1578-1587.
26. Talgorn, E.; Moysidou, E.; Abellon, R.D.; Savenije, T.J.; Goossens, A.;
Houtepen, A.J.; Siebbeles, L.D.A. 2010. Highly Photoconductive CdSe QuantumDot Films: Influence of Capping Molecules and Film Preparation Procedure. J.
Phys. Chem. C, 114, 3441-3447.
27. Nag, A.; Chung, D.S.; Dolzhnikov, D.S.; Dimitrijevic, N.M.; Chattopadhyay, S.;
Shibata, T.; Talapin, D.V. Effect of Metal Ions on Photoluminescence, Charge
Transport, Magnetic and Catalytic Properties of All-Inorganic Colloidal
Nanocrystals and Nanocrystal Solids. J. Am. Chem. Soc.
28. Yu, W.W.; Wang, Y.A.; Peng, X. 2003. Formation and Stability of Size-, Shape-,
and Structure-Controlled CdTe Nanocrystals: Ligand Effects on Nanocrystals and
Monomers. Chem. Mater., 15, 4300, 4308.
29. Chen, Z.; Moore, J.; Radtke, G.; Sirringhaus, H.; O’Brien, S. 2007. Binary
Nanoparticle Superlattices in the Semiconductor-Semiconductor System: CdTe
and CdSe. J. Am. Chem. Soc., 129, 15702-15709.
30. Kamal, J.S.; Omari, A.; Van Hoecke, K.; Zhao, Q.; Vantomme, A.; Vanhaecke,
F.; Capek, R.K.; Hens, Z. 2012. Size-Dependent Optical Properties of Zinc
Blende Cadmium Telluride Quantum Dots. J. Phys. Chem. C, 116, 5049-5054.

73

31. Groeneveld, E.; Delerue, C.; Allan, G.; Niquet, Y.-M.; de Mello Donegá, C. 2012.
Size Dependence of the Exciton Transitions in Colloidal CdTe Quantum Dots. J.
Phys. Chem. C, 116, 23160-23167.
32. Kambhampati, P. 2011. Hot Exciton Relaxation Dynamics in Semiconductor
Quantum Dots: Radiationless Transitions on the Nanoscale. J. Phys. Chem. C,
115, 22089-22109.
33. Lobo, A.; Borchert, H.; Talapin, D.V.; Weller, H.; Möller, T. 2006. Surface
Oxidation of CdTe Nanocrystals - A High Resolution Core-Level Photoelectron
Spectroscopy Study. Coll. & Surf. A, 286, 1-7.
34. Morris-Cohen, A.J.; Donakowski, M.D.; Knowles, K.E.; Weiss, E.A. 2010. The
Effect of a Common Purification Procedure on the Chemical Composition of the
Surfaces of CdSe Quantum Dots Synthesized with Trioctylphosphine Oxide. J.
Phys. Chem. C, 114, 897-906.
35. Nag, A.; Kovalenko, K.V.; Lee, J.-S.; Liu, W.; Spokoyny, B.; Talapin, D.V. 2011.
Metal-Free Inorganic Ligands for Colloidal Nanocrystals: S2-, HS-, Se2-, HSe-,
Te2-, TeS32-, OH-, NH2- as Surface Ligands. J. Am. Chem. Soc., 133, 1061210620.
36. Fafarman, A.T.; Koh, W.-k.; Diroll, B.T.; Kim, D.K.; Ko, D.-K.; Oh, S.J.; Ye, X.;
Doan-Nguyen, V.; Crump, M.R.; Reifsnyder, D.C.; Murray, C.B.; Kagan, C.R.
2011. Thyocyanate-Capped Nanocrystal Colloids: Vibrational Reporter of Surface
Chemistry and Solution-Based Route to Enhanced Coupling in Nanocrystal
Solids. J. Am. Chem. Soc., 133, 15753-15761.
37. Tang, J.; Kemp, K.W.; Hoogland, S.; Jeong, K.S.; Liu, H.; Levina, L.; Furukawa,
M.; Wang, X.; Debnath, R.; Cha, D.; Chou, K.W.; Fishcher, A.; Amassian, A.;
Asbury, J.B.; Sargent, E.H. 2011. Colloidal-Quantum-Dot Photovoltaics Using
Atomic-Ligand Passivation. Nature Mater., 10, 765-771.

74

Chapter 4. Electron Microscopy of Nanocrystals and Binary
Nanocrystal Superlattices1,2
1

Reprinted with permission from Ye, X.; Gao, Y.; Chen, J.; Reifsnyder, D.C.; Zheng, C.;
Murray, C.B. “Seeded Growth of Monodisperse Gold Nanorods Using Bromide-Free
Surfactant Mixtures” Nano Lett., 2013, 13, 2163-2171.
2

The work in this chapter also appears in:

Doan-Nguyen, V.V.T.; Kimber, S.A.J.; Pontoni, D.; Diroll, B.T.; Reifsnyder, D.C.;
Miglierini, M.; Yang, X.; Murray, C.B.; Billinge, S.J.L. “Bulk Metallic Glass-Like
Structure of Small Icosahedral Metallic Nanoparticles,” Submitted. arXiv:1305.7261

4.1 Electron Microscopy
Electron microscopy techniques are critical for the study of nanoscale objects. Electron
microscopy relies on the interaction of an electron beam with an object of study in order
to convey information about that object. This information can come in three forms: a
real-space image, a diffraction pattern, or X-rays with energies characteristic of a specific
element.1 In general, transmission electron microscopy (TEM) measures the electrons
transmitted through a thin object, or through a thin slice of a larger object. Scanning
electron microscopy (SEM) can be used to image thicker samples because it measures the
electrons scattered off, or ejected from, a sample. In both cases, a great deal of structural
and compositional information can be obtained.
Electron microscopy is indispensable for studying nanoscale objects because it can
perform local structural and elemental mapping. In the best case, the electron beam can
be focused down to < 0.1 nm, giving very high resolution.1 The wave-particle duality of
electrons allows them to act as a wave traveling through a thin sample, producing images
and diffraction patterns formed by transmitted electrons. The electron wavelength is
determined by the microscope’s accelerating voltage and calculated from the equation for
de Broglie wavelength. The sub-angstrom electron wavelength is well below the
75

diffraction limit for optical microscopes and can give clear structural information about
nanosized objects.
Chapter 2 details multiple reasons why electron microscopy is important for structural
analysis of nanocrystals and nanocrystalline films. SEM images (Figure 2.3B, Figure 2.6,
and Figure 2.7 B) display the ability of SEM to image large arrays of nanocrystals and to
capture their three-dimensional shape. TEM data in Chapter 2 demonstrates all three
types of TEM analysis: real-space images show two-dimensional projections of
nanocrystals and phase-contrast high-resolution imaging of their crystal structure (Figure
2.3A&D and Figure 2.7A), electron diffraction identifies the single-crystalline orientation
of self-assembled nanocrystal arrays (Figure 2.7A inset), and energy dispersive
spectroscopy gives elemental information about nanocrystal composition (Figure 2.4A).

4.2 TEM for Imaging of Nanocrystal Arrays and Nanocrystal Binary
Superlattices
Electron microscopy is a very important tool for understanding the local structure of
nanocrystal films, especially multi-component films. The ability to image locally can
give important information about two distinct types of samples: 1) samples which have a
known structure at the bulk level but small-scale variations in orientation or
composition,2 and 2) samples that do not have long-range order large enough to probe by
other techniques such as X-ray diffraction but have short-range ordering.3 This has been
critical to the development of binary nanocrystal superlattices (BNSLs). A great diversity
of crystal structures have been reported, including two-dimensional ternary nanocrystal
superlattices (TNSL).3,4 While the largest, polycrystalline BNSL films have been formed
on the scale of 1 cm2, some structures, especially rare ones like TNSLs, form as a 1 µm2
structure.4 To identify structures, and especially to distinguish between multiple
structures coexisting in one sample, TEM is needed. As seen in image 4.1, it is easy to
distinguish between a glassy single-component film, an ordered, single-component film
and a BNSL.
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Figure 4.1 TEM images of A) a glassy CdTe QD film, B) a close
close-packed
packed CdTe QD film,
and C) a CdTe-CdSe
CdSe binary nanocrystal superlattice (CaCu5 structure) (scale bars 20nm).
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It is also easy to distinguish between binary superlattices that have unique projections. In
Figure 4.2, three different structures are shown: AlB2, MgZn2, and CaCu5. Respectively,
these have stoichiometries of 1:2, 1:2, and 1:5, so even when the stoichiometry is the
same, it is possible to create different crystal structures and differentiate between them in
TEM images. This type of structural analysis is important when drawing structurefunction relationships. An example is the contrast between Figure 4.2B and Figure 4.2C.
The MgZn2 and CaCu5 structures can coexist, but they can lead to different film
properties even when composed of the same component nanocrystals. Tunable plasmonic
coupling has been shown in the case of gold nanocrystals coassembled with oxides and
semiconductors.5 In the case of CdTe-CdSe BNSLs shown in Figure 4.2, this could affect
the pathways available for charge transport, depending on the connectivity of sublattices
of either nanocrystal A or nanocrystal B.
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Figure 4.2 TEM images of CdTe
CdTe-CdSe BNSLs with the crystal structures: A) AlB2, B)
MgZn2, and C) CaCu5 (scale bars 20 nm).
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In TEM images, it is also possible to observe the grain structure of a BNSL. Figure 4.3A
shows a >1 µm2 single-crystalline region of a MgZn2 BNSL. Below, in Figure 4.3B, the
same structure is observed as many adjacent 200-400 nm2 domains. X-ray diffraction can
give a bulk representation of a sample’s structure, but it cannot give details about grain
boundaries or defects. Defects and defect engineering are critical to conventional solids,
so it is important to understand their impact on BNSLs as well. Structural defects have
been systematically characterized from TEM images of a variety of crystalline and
quasicrystalline BNSLs,6 but since the subfield of BNSL study is still young, there is
much more to understand and how defects form in BNSLs and what promotes their
formation.
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Figure 4.3 TEM images of CdTe
CdTe-CdSe MgZn2 BNSLs: A) >1 µm2 single-crystalline
single
region and B) adjacent 200
200-400 nm2 domains.
Large-area
area TEM images and their fast Fourier transforms (FFTs) can help identify
previously unidentified BNSL phases such as the one is Figure 4.4.
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Figure 4.4. Two projections with their corresponding FFTs of an unidentified BNSL
phase composed of CdSe and Fe3O4.
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4.3 TEM for analysis of crystal structure and orientation
High-resolution TEM (HRTEM) is particularly valuable for its ability to map the phase
contrast that arises from the interference of the electron beam and diffracted beams
within a crystal. In some cases, this means that it is possible to determine the crystal
structure of a sample consisting of known elements. In Figure 4.4, two projections of
tetragonal bipyramidal CuInSe2 nanocrystals are shown. In these, the lattice fringes from
interference of the unscattered and scattered electron beams occur at characteristic
spacings of the tetragonal crystal structure of CuInSe2. In Figure 4.4A, the outline of the
nanocrystal’s shape is clearly seen, whereas in Figure 4.4B, a triangular facet (outlined) is
discernible from differences in contrast between projections of the nanocrystal with
different thicknesses.
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Figure 4.5. HRTEM images of similar tetragonal bipyramidal CuInSe2 nanocrystals at
two different orientations.
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In addition to elucidating the crystal structure of a single-crystalline
crystalline nanoparticle,
HRTEM imaging is also able to identify defects in a crystal structure such as twinning.
Figure 4.5 shows Ni nanocrystals that are multiply twinned.

Figure 4.6. Low and high resolution TEM images of Ni nanocrystals: A) no internal
structural information is visible (scale bar 5 nm) and B) multiply twinned internal
structure is evident from lattice fringes (scale bar 2 nm).
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Even in the case where a crystal structure is relatively simple and known, e.g., the case of
single-crystalline Au nanoparticles, HRTEM lattice contrast imaging and analysis of
FFTs of HRTEM images can yield important information about the structure of
anisotropic nanocrystals. Figures 4.6-4.8 show HRTEM images along zone axes of Au
nanorods. From the lattice fringe spacing and the corresponding FFTs, it is possible to
observe the [001] growth direction (Figures 4.6C and 4.7A) and determine from the
octagonal cross section of a nanorod that the structure is enclosed by {310} planes. This
octagonal shape and {310} faceting is unusual in Au nanocrystal growth. Although great
strides have been made in developing synthetic techniques for making useful Au
nanostructures, mechanistic information is still lacking. The ability to correlate synthetic
variations with structural information derived from TEM imaging and electron diffraction
could lead to new understanding of nanocrystal synthesis and the ability to further tune
the optical responses of metal nanostructures.

86

Figure 4.7. (a) HRTEM image of a standing gold NR showing an octagonal cross section
and (b) corresponding FFT pattern demonstrating the [001] zone axis. The white arrows
show the <100> and <110> crystallographic directions calculated by FFT. Measured
angles between lateral facets show alternating values of about 127° and 143°. (c)
HRTEM image of a gold NR lying flat on the TEM grid and (d) corresponding FFT
pattern showing the [010] zone axis. The dimensions of the NRs shown in (a) and (c) are
(69.2 ± 3.6) nm x (33.7 ± 2.0) nm. Scale bars: a) 5 nm, b) 10 nm.
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Figure 4.8. (a, c) HRTEM image of a gold NR lying flat on the TEM grid and (b)
corresponding FFT pattern of (c) showing the [010] zone axis. (d) HRTEM image of a
standing gold NR showing an octagonal cross section and (e) corresponding FFT pattern
demonstrating the [001] zone axis. The dimensions of the NRs shown in (a), (c) and (d)
are (123.8 ± 4.1) nm x (55.1 ± 2.6) nm. Scale bars: a) 10 nm, c, d) 5 nm.
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Figure 4.9. (a) TEM and (b, c) HRTEM images of gold NRs that are lying flat on the
TEM grid. Both images (b) and (c) were taken from the same gold NR. (d) FFT pattern of
(c) showing the [010] zone axis. (e, f) Proposed structural models of gold NRs with
asymmetric tips viewed from different angles. Both tips are covered by {310} type
crystallographic planes. The dimensions of the NRs are (69.2 ± 3.6) nm x (33.7 ± 2.0)
nm.
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Chapter 5: Spherical core/shell II-VI quantum dots

A large portion of the work described in this chapter was performed with assistance from
Amy Wu and Bianca C. Datta, undergraduates at the University of Pennsylvania.

5.1 Introduction to Heteroepitaxial, Colloidal Core/Shell II-VI Quantum Dots
Throughout the development of wafer-based semiconductor technology, layers of
dissimilar semiconductors frequently have been grown on each other for a variety of
reasons. In some cases, it is to selectively create barriers for charge carriers (e.g.,
quantum wells), and in others it is because one semiconductor serves as a convenient
support or template for growth of another material that is difficult to grow without a
template.1 Early in the development of colloidal quantum dots, it was realized that this
heteroepitaxy technique that had been developed by the molecular beam epitaxy (MBE)
community could also be utilized for quantum dots. It was explored to understand effects
on electronic structure, and especially to the increase of quantum yield, in both twocomponent composites (e.g., CdSe/ZnS and ZnS/CdSe; CdSe/ZnSe)2,3 and threecomponent quantum dot quantum wells (QDQWs, e.g., CdS/HgS/CdS).4,5 Since then,
heteroepitaxy to grow core/shell quantum dots has been widely used to increase
photoluminescence quantum yield (PL QY), provide chemical and fluorescence stability
when QDs are used a phosphors in a variety of environments (e.g., aqueous, biological
environments or as solid state phosphors), and to engineer nanocrystalline band gaps for
various applications.6
After early attempts to engineer core/shell structures with a variety of semiconductor
compositions, the CdSe/ZnS system has risen to the forefront since the core CdSe’s
emission could be tuned across the visible spectrum, and a ZnS shell enhances the core’s
quantum yield. First, and increase by an order of magnitude was reported,2 and within a
few years, this value grew as high as 50%.7 It was shown that quantum yield peaked at
1.3-1.6 monolayers of ZnS deposited.8,9 This was attributed to the fact that the lattice
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mismatch between CdSe and ZnS (12%) allowed epitaxial, coherent layers of ZnS to be
deposited only to a certain thickness, after which point, lattice contraction of ZnS to its
bulk lattice parameter led to dislocations or other defects that function as nonradiative
recombination centers.8

5.2 Low-lattice mismatch II-VI materials: CdSe/CdS and CdSe/ZnSe
Since the establishment of CdSe/ZnS as a useful fluorophore, especially in biological
imaging,10 attempts have been made to explore the synthetic routes toward core/shell
QDs with lower lattice mismatch. CdSe/ZnSe (lattice mismatch of 6%) has been studied
to a limited extent,3,11,12 while CdSe/CdS has been preferred because its lattice mismatch
is smaller (lattice mismatch of 4%). Recently CdSe/CdS has been studied heavily because
it has been found that growing thick shells of CdS onto CdSe can significantly increase
quantum yield and decrease the frequency of photoluminescence blinking.13-15

5.3 QD films
Core/shell materials have primarily been investigated to understand and improve the
quality of QDs as light-emitting materials, since introducing a heteroepitaxial
semiconductor layer can create an energy band alignment that leads to confinement of
charge carriers within a QD. However, it is interesting to explore the effects of various
band alignments possible within a similar geometry. This is especially interesting in the
context of conduction in thin films composed of electronically coupled core/shell QDs.

5.4 Band alignment of CdSe with II-VI semiconductor shells
In bulk semiconductors, the conduction band is derived to a large extent from orbitals
contributed by cations, and the valence band is derived to a large extent from orbitals
contributed by anions.16 Thus, in CdSe, it is possible to think of the conduction band as
derived from Cd2+ orbitals and the valence band from Se2- orbitals. All II-VI materials are
considered wide band gap semiconductors, but comparatively, ZnS has a much wider
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band gap than CdSe, with the conduction band higher and the valence band lower,
relatively, than those of CdSe. This leads to type-I alignment, in which electrons and
holes both tend to localize into CdSe where their lower energy states reside.8 This is the
case where both the cation and anion are different in the shell material than in the core.
However, when only one element is changed at a given time, it should be possible to
change the relative energy level of one band while holding the other essentially constant.
The result is that in CdSe/CdS, the conduction bands are similar and the valence bands
are staggered, and vice versa for CdSe/ZnSe. Thus, one can expect that electrons could
move freely in a CdSe/CdS structure and holes move freely in a CdSe/ZnSe structure,
while the second charge carrier in each case encounters an energy barrier and localizes in
one material. In a conductive film of quantum dots, this could potentially switch the
carrier type from n-type to p-type depending on shell material alone.17
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Figure 5.1. Schemtic of three different band alignment scenarios: A) CdSe/ZnS with
type-II alignment, B) CdSe/CdS with quasi
quasi-type-II alignment, and C) CdSe/ZnSe
Se/ZnSe with
quasi-type-II alignment.
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5.5 Experimental Procedures for Synthesis of CdSe/CdS and CdSe/ZnSe thin
shell QDs
Chemicals. All reagents were used as received. Trioctylphosphine oxide (TOPO90%,
technical grade, 90%, Aldrich), hexadecylamine (HDA, technical grade, 90%, Aldrich),
trioctylphosphine (TOP, Aldrich, technical grade, 90%), selenium shot (Se shot, <5 mm
pellets, ≥99.999%, Aldrich, trace metals basis), 1-octadecene (ODE, technical grade,
90%, Acros), cadmium oxide (CdO, powder, ≥99.99% trace metals basis, Aldrich), oleic
acid (OlAc, technical grade, 90%, Aldrich).
1M TOPSe (trioctylphosphine selenide): 0.789g Se was mixed in 10 mL TOP at room
temperature in a nitrogen glovebox overnight.
0.2M/0.4M Zn-precursor: 2.52 g ZnSt 2 was mixed with 5 mL ODE & degassed at 100 °C
for 30 min. This mixture was cooled to 60 °C, at which temperature 15 mL anhydrous
toluene was injected and stirred into the Zn slurry.
0.2M TOPSe: 1mL 1M TOPSe was mixed with 4 mL TOP inside a nitrogen glovebox.
0.2M Cd-precursor: 2.0 g CdSt2 was mixed with 5 mL ODE & degassed at 100 °C for 30
min. This mixture was cooled to 60 °C, at which temperature 15 mL anhydrous toluene
was injected and stirred into the Cd slurry.
0.2M TOPS: 0.064 g sulfur powder was mixed with 10 mL TOP & degassed at 80 °C
until clear.
0.4M Se-ODE (selenium in ODE): 0.95 g Se was dissolved in 30 mL ODE at 180 °C.
0.1 M Cd-ODE (cadmium and oleic acid in 1-octadecene): 0.6408 g CdO, 12.36 g OlAc,
and 36 mL ODE were combined in a 3-neck flask. The mixture was evacuated at 85 °C
for more than 30 min and then heated to 237 °C for 10-20 minutes until clear with a very
faint yellow tinge. The heating mantle was removed to cool the mixture, and it was
transferred via cannula to N2-flushed vials and stored in a nitrogen purgebox. This
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mixture gels upon cooling, so before each use, it was heated for 5-10 minutes in a 115 °C
oven to melt back into a liquid for injection.
0.1M S-ODE (sulfur in 1-octadecene): 0.14451 g S and 45 mL ODE were combined in a
three-necked flask and heated to 120 °C under vacuum. After 10 min, the liquid was clear
with only a very faint yellow tinge but no precipitate. The flask was switched to N2
atmosphere, and the heating mantle was removed to allow the flask contents to cool to
room temperature. The S-ODE solution was transferred via cannula to N2-flushed vials
and stored in a nitrogen purgebox.
5.5.1 Experimental Procedures for Thin Shell Synthesis
Thin shell CdSe/ZnSe QDs were synthesized in a mixture of TOPO and HDA, in a
similar manner to that previously reported in reference 12. TOPO and HDA were loaded
into a three-necked flask and degassed at 110 °C for 30 minutes. The reaction mixture
was cooled to 50 °C and CdSe QDs in hexane were injected. The flask was heated to 100
°C and degassed for ~10 min until bubbling ceased. The flask was then heated to 190 °C,
at which temperature injection began of 5.0 mL of the shell precursor (2.5 mL 0.2M Znprecursor and 2.5 mL 0.2M TOPSe). The injection rate was 0.083 mL/min (5 mL in 1 h).
After 1 h when the injection was finished, the temperature was held at 190 °C for an
additional 1h (annealing time).
Thin shell CdSe/CdS QDs were synthesized in a similar manner to thin shell CdSe/ZnSe
but the 0.2M Cd-precursor and TOPS were substituted for the Zn and Se precursors,
respectively.
5.5.2 Experimental Procedures for Thick Shell Synthesis
Thick shell CdSe/ZnSe QDs were synthesized according to the successive ion layer
adsorption and reaction (SILAR) method.19-21 1 g ODA and 3 mL ODE were loaded into
a three-necked flask and evacuated at 100 °C for 30 min. The reaction mixture was
cooled to room temperature and CdSe cores were injected into the flask. The flask was
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degassed ~10 minutes until bubbling ceased, and the reaction mixture was then heated to
260 °C under N2 atmosphere. As soon as the temperature hit 260 °C, SILAR injections
were begun. At 10 minute intervals, the 0.4M Zn-precursor and 0.4M Se-ODE precursors
were injected dropwise, alternating cation and anion.
Thick shell CdSe/CdS were prepared via syringe pump using an injection solution that
consisted of a 1:1 mixture of 0.1M Cd-ODE and 0.1M Se-ODE. For this synthesis, 1 g
ODA and 3 mL ODE were loaded into a three-necked flask and evacuated at 100 °C for
30 min. The reaction mixture was cooled to room temperature and CdSe cores were
injected into the flask. The flask was degassed ~10 minutes until bubbling ceased, and the
reaction mixture was then heated to 260 °C under N2 atmosphere. At this temperature, the
syringe pump injection was begun.

5.6 Results and Discussion
All of the above syntheses grew isotropic core/shell II-VI QDs. The first goal was to
achieve CdSe QDs with similarly sized CdS and ZnSe thin shells. This was accomplished
at relatively low temperature, 190 °C, via a syringe pump injection of stearate-based
precursors (Figure 5.2). The cation and anion precursor were mixed and then slowly
added to the reaction flask in order to promote growth of a shell onto existing cores
instead of separate nucleation. In order to inject via syringe pump, precursors much be
well-solubilized for the duration of the injection. ZnSt2 and CdSt2 are quite insoluble in
many solvents at room temperature and somewhat above. Therefore, it was necessary to
find an effective way to stabilize them. It was reported that toluene can be the carrier for
ZnSt2,12 but this posed two issues. First, to keep the entire reaction air and water free, it is
desirable to degas the injection solutions, which cannot be done at room temperature or
above for toluene since its boiling point is 110 °C, and it will boil off. Second, ZnSt2
easily falls out of suspension in toluene, meaning that it become difficult to deliver it at a
constant rate. To solve these issues, we combined ZnSt2 and ODE, which we could easily
degas at elevated temperature, and then added anhydrous toluene to the mixture after
cooling to 60 °C. Toluene served two purposes: 1) in combination with ODE, it suspends
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ZnSt2 well enough to inject the solution over 1 h, and 2) it boils off once it has delivered
the cations to the 190 °C reaction pot, and thus it does not dilute the reaction during shell
growth. Some dilution occurred due to the ODE injected, but we minimized this by using
the ODE/toluene mixture. Since ZnSt2 and CdSt2 are both fluffy, relatively insoluble
powders, we found that the same suspension technique worked well for the CdSt2
precursor as well.
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Figure 5.2. At 190 °C, CdSe/CdS (A) and CdSe/ZnSe (B) can be grown with similar shell
thickness, as shown by TEM. In both cases, a small red shift is observed, but CdSe/CdS
peaks are enhanced, while CdSe/ZnSe peaks are smeared together (C). D) Schematic of
shell growth, in which cationic and anionic precursors combine to form multilayer shells
of a material that is distinct from the core materi
material.
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Thicker CdS and ZnSe shell growth was accomplished at higher temperature (260 °C)
with Cd-ODE/Zn-precursor
precursor and S
S-ODE/Se-ODE
ODE as precursors. This allowed more
efficient utilization of the precursor materials, resulting in larger nanocrystals (Figure
5.3).

Figure 5.3. Thick shells can be grown onto CdSe of either CdS (A) or ZnSe (B). The
absorption blue shift observed after thick ZnSe shell growth (C) indicates alloying of the
shell material into the core, represented in (D), which represents epitaxial vs. alloyed
shell growth.
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When a shell is grown onto a CdSe nanocrystal, changes in the QD absorption spectrum
reflect the type of shell grown. Figure 5.2 shows the absorption red shift that occurs upon
thin shell growth (1-2 monolayers). Compared to the core CdSe absorption, both the
CdSe/CdS and the CdSe/ZnSe absorptions show a red shift. However, there are two
noticeable differences even though there is no detectable difference in nanocrystal size by
TEM. First, the CdSe/CdS QDs show a larger red shift than the CdSe/ZnSe QDS. This is
due to the electronic effects discussed in section 5.4. Growing a CdS shell around CdSe
allows the electron to delocalize over the entire QD diameter, while the hole is largely
confined to the CdSe core. Conversely, when a ZnSe shell is grown, the electron is
confined in the core and the hole is more able to move throughout the entire nanocrystal.
Second, in the case of the CdS shell, the second absorption peak is increased and
sharpened, while in the case of the ZnSe shell, it is diminished and smeared out. While
the origin of this second change is not clear, this is consistent with other reports of CdS,
ZnSe, and ZnS shells, and is related to the comparative band structures of the various
semiconductors.8,11
Thick shell growth produces a larger red shift in the case of CdSe/CdS and a blue shift in
the case of CdSe/ZnSe. The blue shift can be attributed to alloying at the interface
between the CdSe core and the ZnSe shell, as represented in Figure 3D. This is consistent
with reports of alloyed CdxZn1-xSySe1-y that show a bluer absorption than CdSe due to the
enlarged band gap.22 Despite the effect of alloying smearing the higher absorption
features of the original CdSe absorption, the unalloyed portion of the core remains, albeit
smaller and causing less-well-structured absorption at a bluer wavelength. Such a blue
shift has also been observed in similar high-temperature SILAR growth of ZnSe into an
InAs/CdSe core/shell QD.21
Above, it is shown that the same CdSe core can grow a thin (1-2 monolayer) shell of
either CdS or ZnSe under similar conditions and with similar success. It is also shown
that it is possible to grow thick shells of either composition. However, while thick and
thin shells can be grown on similar cores with different precursors and at distinct
temperatures, it would be interesting to understand if the two materials can be coated
101

onto CdSe cores over a range of thicknesses with similar success. Then, it would be
possible to create QD-based
based thin films of either composition with the desired shell
composition and tunable shell thickness, which would allow tunable distances between
CdSe cores. This is a controlled method to tailor the electronic coupling between
quantum-confined
confined CdSe cores in electronic devices.
To investigate this, the same CdSe cores were used in two parallel series of overcoating
experiments. With the goal of growing shells through a range of thicknesses, starting
from a procedure that successful
successfully
ly grows thin shells, two adjustments were made to the
procedure: 1) a relatively larger amount of shell precursor was injected, and 2) a range of
annealing temperatures was explored. Figure 5.4 shows the absorption spectra of
CdSe/CdS nanocrystals grown uunder
nder identical conditions and annealed at various
temperatures: 190 °C, 210 °C, 230 °C, 250 °C, and 270 °C. There are two important
features to these curves: 1) the peak definition remains, even at the highest annealing
temperature (270 °C), and 2) the pea
peak
k wavelength red shifts with increasing temperature
(first absorption peak at 563 nm for the CdSe core and 577 nm for the 270 °C sample.
This indicates that the QDs likely retain their original shape and size dispersion, and that
the CdS shell increases in thickness with higher annealing temperature.8
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Figure 5.4. Absorption spectra of annealing series of core/shell QDs. A) CdSe stock
(black) and series of CdSe/CdS grown with identical injections and annealed at
increasingly higher temperatures (bottom to top): 190 °C, 210 °C, 230 °C, 250 °C, and
270 °C. B) CdSe stock (black) and series of CdSe/ZnSe grown with identical injections
and annealed at increasingly higher temperatures (bottom to top): 190 °C, 210 °C, 230
°C, 250 °C, and 270 °C.
The second of the two parallel series consisted of the same reaction conditions with ZnSe
as the shell material. The same batch of CdSe cores were used, so the core absorption was
also at 563 nm. While a thin shell of ZnSe can be successfully grown under similar
conditions to the CdS thin shell case mentioned above (as shown in Figure 5.2 and
reported by Reiss, et al.), the annealing series performed did not indicate growth of
successively larger shells. Instead of steadily red-shifting, the first absorption peak blueshifted with increasing annealing temperature (Figure 5.5). This indicates that, instead of
forming an epitaxial layer around the CdSe core, Zn alloyed into CdSe.
SAXS patterns of the QDs are a good indicator of their size and shape dispersion. Figure
5.6 shows that for CdSe/CdS samples, the morphology is well retained in general. This
plot shows the trend toward increasing size with higher annealing temperature up to the
250 °C sample. The pattern for the 270 °C sample, however, deviates from the trend,
which most likely indicates deformation of shape due to higher temperature annealing. In
the case of CdSe/ZnSe, however, the SAXS patterns quickly lose the characteristic
ringing pattern of spheres, an indication that higher annealing temperatures result in
nonspherical nanocrystals. This is consistent with TEM images (Figure 5.6) that show
anisotropy increasing in the CdSe/ZnSe with higher annealing temperature.
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Figure 5.5 CdSe/ZnSe annealed during synthesis at various temperatures: A) 190 °C, B)
210 °C, C) 230 °C, and D) 270 °C.
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Figure 5.6.. SAXS curves for an annealed series of core/shell QDs. A) CdSe/CdS QDs
grown with identical injections and annealed at increasingly higher temperatures (a-f):
(a
CdSe core only, 190 °C, 210 °C, 230 °C, 250 °C, and 270 °C. SAXS curves for a series
of CdSe/ZnSe QDs grown with identical injections and annealed at increasingly higher
temperatures (a-f):
f): CdSe core only, 190 °C, 210 °C, 230 °C, 250 °C, and 270 °C.
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Structural Study of Films Made from Core/Shell QDs
From uniformly-coated core/shell quantum dots, it is possible to deposit a film in which
the CdSe cores are separated from each other by a regular distance defined by the
epitaxial shell. These films can be made more conductive by exchange of the surface
ligands and by thermal annealing. Therefore, it is useful to understand the structural
evolution of a ligand-exchanged film. To do this, SAXS can be performed to understand
changes in the interparticle distance. Figure 5.7 shows SAXS data for thin shell
CdSe/CdS (Figure 5.2C). In this series, the dominant peak is seen to shift: first, upon
SCN treatment at room temperature, it shifts to larger 2-theta value (smaller interparticle
spacing). Upon annealing at 100 °C, however, the peak shifts to smaller 2-theta (although
not as small as for the untreated case). Annealing of a SCN-treated film at 200 °C shifts
the peak to higher 2-theta, as do higher temperature anneals (250 °C and 300 °C).
Annealed at 200 °C, the peak retains its original shape (similar to untreated film), but at
annealing temperatures of 250 °C and above, the peak smears out, indicating a
redistribution of atoms in the film and loss of a well-defined interparticle spacing.
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Figure 5.7. SAXS patterns of an annealing series of CdSe/CdS QDs. A) As deposited, B)
100 °C anneal, C) 200 °C anneal, D) 250 °C anneal, E) 300 °C anneal.
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5.7 Conclusions
Among the multiple reasons that core/shell QD materials are interesting, their integration
into functional films is emerging as a promising area of development. By controlling the
nanoscale architecture of films, it is possible to modulate the electronic structure and
build in functionality that is missing from bulk deposition preparations. One avenue for
exploring this is to create films from QDs that use controlled synthesis techniques to
create finely tuned local structure. Once deposited, the next step is to transform them into
either a solid with coupling between quantum dots, or else into a matrix in which
quantum dots are embedded. A few examples of the matrix pathway have begun to be
explored,23-25 so it will be interesting to expand this framework to thin shell quantum
dots, in which interparticle coupling can be investigated, and to films with controlled
interparticle spacing with shell materials that have various properties.
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Chapter 6: Homoepitaxial Growth of CdSe Nanocrystals
6.1 Significance of CdSe QDs
Since very early in the development of colloidal quantum dots, cadmium selenide (CdSe)
rose to the fore due to its interesting physical properties.1 Bulk CdSe is dark red or black
and has a band gap of 1.74 eV (~713 nm).2 However, quantum confinement can widen
the band gap, causing CdSe of different sizes to absorb and fluoresce light across all
visible wavelengths. This means that the same material, CdSe, can act as a fluorophore of
any visible color, which is quite a remarkable outcome. Quantum confinement occurs
when crystallites are similar in size to the characteristic length scale of the excitons that
can be created in the material upon absorption of radiation. The physical size of an
exciton in a given material, the Bohr exciton radius (aB), is determined by the dielectric
coefficient of a material and the corresponding electron and hole effective masses as
follows:3
aB = (ħ2ε/µe2),
where ε is the dielectric constant of the material, e is the charge of an electron, and µ is
the reduced mass (µ=(1(1/me + 1/mh)), where me is the electron effective mass and mh is
the hole effective mass).
The degree of quantum confinement in a material depends on the relationship between
the diameter (d) of the crystallite and the material’s aB.3 If d > 2aB, then the exciton is
considered weakly confined, or not at all, as crystallite size increases and the material’s
band gap converges to the bulk band gap. If d ≈ 2aB, the exciton is considered to be in the
intermediate confinement regime. When d < 2aB, then the exciton is strongly confined.
The term “quantum dot” is usually applied to semiconducting nanocrystals in the strong
confinement regime, where there is marked change in absorption and emission with
wavelength (e.g., 1-6 nm diameter CdSe with blue to red emission, respectively).

6.2 Quantum Confinement in CdSe QDs
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An equation often used to describe quantum confinement in QDs is based on the effective
mass approximation:4
E = Eg + ħ2π2/2r2 (1/me + 1/mh) – 1.8e2/εr,
where E is the band gap due to quantum confinement, Eg is the bulk band gap, and
solvation energy loss is ignored. The second term is the quantum energy of localization,
which is related to the kinetic energy of the electron and hole and increases as r-2. The
third term describes the Coulomb attraction and increases as r-1. The consequence of the
respective r-2 and r-1 dependence of these terms is that, for small crystallites (d < 2aB), the
quantization energy outstrips the Coulomb energy, making the Coulomb energy only a
small correction to quantized band gaps that are primarily determined by the quantization
energy term. For larger crystallites, the Coulomb energy has greater influence on the
material’s band gap. Thus, this equation leads to the three regimes mentioned in Section
5.1: the strong confinement regime, the intermediate confinement regime, and the weak
confinement regime. In wurtzite phase CdSe, the electron and hole effective masses are
significantly different from each other (me = 0.112, mh = 0.45),5 so the electron moves
quickly, and the hole is localized at the center of the nanocrystal, moving in the average
potential of the faster electron.

6.3 The Three Confinement Regimes in CdSe QDs
Since 1993, when well-resolved synthetic control of CdSe nanocrystals with diameters in
the range d=1.2-11.5 nm was achieved,2 most of the study of CdSe nanocrystals has been
focused on the strong confinement regime. This is not surprising, as there is a wealth of
fundamental physics and applications to be studied as a consequence of tuning the
material’s band gap across the visible spectrum. Most frequently, spherical CdSe
nanocrystals studied are 3-4 nm in diameter, in large part because the safest, most robust
synthetic methods have been developed for this size range.6,7 Several experimental issues
with smaller (0-2 nm) and larger (6+ nm) CdSe quantum dots are: stability (high surface
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energy of small QDs can lead to fusing or shape changes when dispersed in a solvent),
ease of isolation (especially for applications where a powder is desired or where QDs
must be deposited into thin films), solubility (for larger QDs), and elongation into prolate
structures (even when optical transitions are sharp).
In the literature, the most uniform examples of uniform, larger (6+ nm in diameter) CdSe
nanocrystals have been synthesized with the highly toxic precursor dimethyl cadmium.2,8
This fact alone has limited the study of larger nanocrystals. Since less hazardous, high
quality methods have been developed for synthesizing monodisperse 3-4 nm QDs,6,7 few
publications have reported reverting back to more hazardous techniques in order to
synthesize quantum dots. Notable exceptions are synthesis done for the purpose of selfassembly into binary nanocrystal superlattices (BNSL).9-11 Another feature of some
dimethylcadmium-based synthesis is that aspect ratios increase with size, from 1.1-1.3.2
As a result, there are several motivations for developing another route toward
synthesizing larger CdSe nanocrystals: 1) to synthesize bright, red-emitting QDs where
the electron and hole are not confined to a small core by a shell composed of a second
semiconductor (e.g., in contrast to CdSe/CdS core/shell quantum dots), 2) to study the
self-assembly behavior of CdSe quantum dots with a range of sizes and band gaps, and 3)
to study optical processes that are less favorable in more strongly confined QDs.
Especially for applications that involve capitalizing on the properties of CdSe quantum
dots in films where interdot coupling is important, it is useful to be able to synthesize
QDs that are uniform, bright, and only consist of the CdSe core.

6.4 CdSe QD Synthesis and Isolation
The majority of techniques for synthesizing CdSe QDs synthesize strongly-quantumconfined dots best and most easily.2,6-8 A monodisperse population of CdSe QDs is
typically isolated in one of two ways: either it is the majority product from given reaction
conditions and is collected from the reaction solution by precipitation,6-8 or it is one of
several components (usually different sizes) in the reaction product and is selectively
isolated by size selective purification.2 Size selective purification is a powerful technique
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when applied to a reaction product that consists of similarly shaped nanocrystals within a
finite size range. However, in several instances, researchers have sought alternative
methods to prepare very small (1-2nm)12 and relatively larger (6nm+)13 CdSe
nanocrystals more directly. Two limitations to spherical nanocrystals at the size extremes
are: 1) when small nanocrystals are grown controllably with long (chain length >8
carbons) ligands, they can be difficult to isolate into a dry powder for further
manipulation, and 2) since most larger CdSe nanocrystals have the hexagonal, wurtzite
crystal structure, anisotropic growth is common, meaning that the nanocrystals become
increasingly prolate as they grow2,8 or else the uniformity has not been high enough to
result in self-assembly.13

6.5 Development of Core/Shell Techniques
Early quantum dots were notable because of the tunability of their optical properties and
their narrow emission line widths,2 but less than unity quantum yield was attributed to the
trapping of holes at the nanocrystal surface.14 It was soon realized that growing a thin
shell (1-4 monolayers) of a wider band gap semiconductor onto the QD surface could
passivate the surface better than the organic molecules remaining from the synthetic
procedure, which led to higher quantum yields.15-17 Because of the relatively small lattice
mismatches involved, CdSe is most commonly overcoated by CdS18 and ZnS,17 and
sometimes by ZnSe.19,20 Over time, it has been shown that CdSe with thick shells (≥5
monolayers) are useful not only for increasing quantum yield, but also for reducing
blinking effects.21,22

6.6 Shape Control of CdSe Nanocrystals
While the effects of quantum confinement in CdSe nanocrystals were earliest and most
notably demonstrated in spheres, a number of other shapes have been explored over time.
Synthetic techniques are now well-developed for growing nanorods, tetrapods, and a
variety of other, anisotropic shapes.23-29 These have been accomplished by 1) adjusting
the ligand mixtures in reaction solutions to favorably bind to certain facets, 2) tuning
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kinetic vs. thermodynamic control by altering the concentration of monomers in solution,
and 3) harnessing selective growth of the two commonly observed CdSe polymorphs.

6.7 Size and Shape Control of CdSe QDs by Homoepitaxial Growth
To perform fundamental studies on QDs in the intermediate to weak confinement regime,
as well as to create building blocks for self-assembled superstructures, core/shell growth
techniques are here applied to CdSe. This allows for the growth of larger (6nm+) CdSe
nanocrystals as well as several different shapes. Some of these structures are uniform
enough to self-assemble. By using seed particles of different crystal phases and various
growth times and temperatures of injection, the variety of structures that can be grown
using homoepitaxial growth of CdSe onto CdSe QD cores is explored.

6.8 Experimental
Chemicals. Cadmium stearate (CdSt2, MP Biomedicals), octadecylamine (ODA90%,
Aldrich, technical grade, 90%), trioctylphosphine oxide (TOPO90%, technical grade,
90%, Aldrich), trioctylphosphine (TOP, technical grade, 90%, Aldrich), selenium shot
(Se shot, <5 mm pellets, ≥99.999% trace metals basis, Aldrich), selenium powder (Se
powder, ~100 mesh, 99.99% trace metals basis, Aldrich), 1-octadecene (ODE, technical
grade, 90%, Acros), cadmium oxide (CdO, powder, ≥99.99% trace metals basis,
Aldrich), oleic acid (OlAc, technical grade, 90%, Aldrich), myristic acid (MA, Sigma
Grade, ≥99%, Aldrich), oleylamine (OlAm, technical grade, 70%, Aldrich),
octadecylamine (ODA99%, ≥99%, GC, Aldrich).
Precursor solutions for these experiments were prepared as follows:
Cd-myr (Cadmium-myristate): A solution of cadmium nitrate in methanol (0.05 M, 40
mL) was combined with a solution of sodium myristate in methanol (0.025 M, 240 mL)
at room temperature. The flocculated product, Cd-myr, was washed 5x in methanol. Cdmyr was dried in a vacuum oven at 100 °C overnight.
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ODE/OlAc (1-octadecene/oleic acid injection solution): 0.016 mL OlAc was mixed into 1
mL ODE.
1M TOPSe (trioctylphosphine selenide): 0.789g Se was mixed in 10 mL TOP at room
temperature in a nitrogen glovebox overnight.
0.1 M Se-ODE (selenium in 1-octadecene): 0.553 g (0.007 mol) Se shot and 70 mL ODE
were combined in a three-neck flask and evacuated, stirring, at 85 °C for 50 min. Then,
the temperature was set to 185 °C under N2 atmosphere. After 2 h, set temperature to 180
°C and maximized the stirring. At 23 h, all gray, Se shot had dissolved except for 2-3 tiny
fragments. The heating mantle was removed to cool the flask, and the liquid was
transferred via cannula into N2-flushed vials for storage in a nitrogen purgebox.
0.1 M Cd-ODE (cadmium and oleic acid in 1-octadecene): 0.6408 g CdO, 12.36 g OlAc,
and 36 mL ODE were combined in a 3-neck flask. The mixture was evacuated at 85 °C
for more than 30 min and then heated to 237 °C for 10-20 minutes until clear with a very
faint yellow tinge. The heating mantle was removed to cool the mixture, and it was
transferred via cannula to N2-flushed vials and stored in a nitrogen purgebox. This
mixture gels upon cooling, so before each use, it was heated for 5-10 minutes in a 115 °C
oven to melt back into a liquid for injection.
CdSe core QDs were grown by two techniques. Predominantly-wurtzite (hereafter “WZ”)
CdSe cores were grown by combining 0.544 g CdSt2, 15.52 g ODA90%, and 15.52 g
TOPO90% in a three-neck flask, heating to 120 °C under vacuum for 1 h, heating to 320
°C under N2 atmosphere, and injecting 8mL 1M TOPSe (or 4mL 2M mixed with 4 mL
dried ODE) at 320 °C. Reaction times varied from 1-10 minutes. Predominantly-zincblende cores (hereafter “ZB”) were grown by heating 0.057 g Cd-myr and 0.004 g Se
powder in 6.34 mL ODE to 250 °C under N2 atmosphere, stirring, and reacting for 2 h.
When the temperature hit 240 °C (defined as “0 min”), 1 mL OlAc/ODE solution was
injected over 4 minutes. The reaction proceeded for 2 h at 245.0-248.5 °C.
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Several different approaches were taken to grow CdSe/CdSe homoepitaxial core/shell
structures. To grow uniform, self-assembling 6 nm+ CdSe spheres, WZ CdSe seeds were
used. In a typical reaction, 1 g ODA99% and 3 mL ODE were loaded into a three-neck
flask and evacuated at 100 °C for 1 h. The flask was then cooled to ≤50 °C, and a CdSe
stock solution in hexane was added. The reaction flask was evacuated for 10 min to
remove the hexane. Under N2 atmosphere, the temperature was set to 245 °C. At 235 °C,
an injection was begun via syringe pump of a 1:1 mixture of 0.1 M Cd-ODE and 0.1M Se
precursors. The rate of injection was 0.066 mL/min, and injections lasted anywhere from
15 min to 4 h.
To grow branched structures, ZB CdSe seeds were used in two synthetic methods. In the
first method, the reaction conditions were the same as for WZ cores except that the
injection solution contained a 1:1 mixture of 0.1 M Cd-ODE and 0.1M Se precursors
mixed with a 10:1 mixture of ODE:OlAc. In this case, the injection solution (20 mL total)
was injected at a rate of 0.111 mL/min over 3 h. In the second method, 0.077 g CdO and
0.29 g MA in 10 mL ODE were heated to 250 °C under N2 atmosphere, stirring, for ~10
minutes, or until the red color disappeared and the reaction flask contents turned clear.
The reaction mixture was then cooled to room temperature, at which time 27 mL ODE
was added and the flask was held under vacuum at 90°C for 30 min. After degassing, the
flask was cooled to 50 °C and 3 mL of 0.1 M Se-ODE was injected. The temperature was
set to 240 °C (heating rate: ~10 °C/min). 2 h into the reaction, a 1:1 mixture of 0.1 M CdODE and 0.1M Se precursors was injected via syringe pump at a rate of 0.033 mL/min.
To grow highly branched structures, the synthesis was similar to the WZ seed method
described above, but used ZB seeds and injected 1 mL over 3 h at a rate of 0.006
mL/min.

6.9 Results and Discussion
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The CdSe nanocrystals obtained from this method fall into several categories: 1) spheres
(6-10nm), 2) bipyramids (15-20nm), 3) ellipsoids (~15nm), 4) highly-branched structures
(~100nm), 5) bipods (~30nm/arm), and 6) high-aspect-ratio rods (200nm+) (Figure 5.1).
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Figure 6.1. CdSe homoepitaxially grown structures: A) 88-nm
m spheres, B) bipyramids, C)
ellipsoids, D) highly-branched
branched structures, E) bipods, and F) high
high-aspect-ratio
ratio rods.
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Beginning with nearly spherical, 44-nm
nm CdSe cores and standard injection solutions for
overgrowth, a diversity of str
structures are achieved. The resulting structure is determined
primarily by the crystal phase of the core CdSe (Figure 6.2).. The nanocrystals in Figures
6.1A-C
C were grown from wurtzite cores, while those in Figure 6.1D
6.1D-F
F were grown from
zinc blende cores. At 245 °C, the nanocrystals grown from wurtzite cores were roughly
isotropic,, becoming more faceted as they grew and eventually turning into 15-nm
15
bipyramids (Figures 6.1A&B). At higher temperature (280 °C), the nanocrystals grown
from a wurtzite core took on a more ell
ellipsoidal,, anisotropic morphology. With zinc
blende cores, growth from 240
240-260 °C produced anisotropic structures ranging from
highly branched structures (Figure 6.1D) to high
high-aspect-ratio
ratio bipods (Figures 6.1E&F).
6.1E&F)

Figure 6.2. Scheme of products obtained from WZ vs. ZB cores.
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Figure 6.3 shows the CdSe nanocrystals that resulted from growth on wurtzite cores at
250 °C. With longer injection time, the core grow into larger spheres (Figures 6.3A&B),
grow isotropically but with an increased amount of facete
faceted
d (Figure 6.3C), and eventually
grow into bipyramids with a diameter approximately 4x the diameter of the core used as a
seed.

Figure 6.3. TEM images of homoepitaxially grown CdSe with increasingly longer
injection times.. A) 6 nm, B) 8 nm, C) 10 nm (slightly faceted), and D) 15 nm (measured
(
along the long axis).
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While the dramatic growth of the CdSe nanocrystals can be observed in the TEM, it is
useful to observe how the absorption spectrum changes as well. Figure 6.4 shows a
comparison of the core CdSe and the final CdSe grown to a diameter of 8 nm. The
absorption spectrum for the core shows three very sharp, well-defined
defined peaks due to
quantum confinement, with a first excitonic peak at 577 nm. In contrast, the absorption
spectrum of the 8-nm
nm sample shows an almost bulk-like
like shape with absorption redder
than 650 nm.

Figure 6.4. Comparison of TEM and absorption data of cores and core/shell CdSe. A)
TEM of ~4 nm core CdSe
CdSe, B) TEM of ~8 nm core/shell CdSe, C) absorption spectrum of
~4 nm core CdSe, and D) absorption spectrum of ~ 8nm core/shell CdSe.
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Another way to compare the relative sizes of the core CdSe with the final CdSe
nanocrystals is to observe their X-ray (SAXS) patterns (both small- and wide-angle,
SAXS and WAXS). Figure 6.5 shows the SAXS pattern of the core CdSe compared with
the CdSe nanocrystals shown in Figures 6.3A,B,&D. The characteristic ringing pattern
shows that sample dispersions remain small, and shifting to lower angle (top to bottom)
indicates an increased amount of growth with longer injection time. The 4+ well-resolved
peaks for the largest sample indicate a particularly high level of size and shape
uniformity.
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Figure 6.5 Transmission SAXS pattern of 4 nm CdSe seeds and the 6, 8, and 15 nm CdSe
QDs grown from them.
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Figure 6.6. Wide-angle
angle X
X-ray diffraction patterns from (bottom to top):: A)
A 3-nm CdSe
wurtzite cores, B) 7-nm CdSe wurtzite spheres, C) 99-nm CdSe wurtzite spheres, and D)
15-nm CdSe bipyramids.
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6.10 Conclusions
CdSe is an exciting model system because its size and corresponding energy states can be
tuned over the entire visible range of the electromagnetic spectrum. Fortunately, synthetic
techniques to make CdSe have captured the strong confinement regime in which small
changes in size correspond to large changes in band gap. However, until now, accessing
larger (6+nm) sizes of CdSe nanocrystals with the same level of uniformity observed for
strongly confined CdSe has been tricky. Presented here is a method that overcomes those
limitations while avoiding the highly toxic precursor dimethylcadmium. The CdSe
nanocrystals shown in this chapter could be size-selectively precipitated to further
increase their uniformity and the sharpness of their optical spectra and SAXS patterns.
Yet, without this level of processing, the CdSe nanocrystals grown by this method exhibit
self-assembly behavior, both in monolayers and multilayers. This indicates that they
should be very useful building blocks for multicomponent self-assembly.
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Chapter 7: Energy Transfer in Quantum Dot Films1
1

In collaboration with Guozhong Xing and E.D. Goodwin

7.1 Introduction
Almost as soon as the unique properties of quantum dots were discovered, the goal of
exploiting them as unconventional semiconductor building blocks in thin films arose.1
While the quantum confined nature of QDs can be harnessed in the case of isolated dots,
the ideas of coupling between the dots and of collective, emergent properties have proven
to be of great interest to a wide variety of applications. An early demonstration of this
was long-range resonant energy transfer between QDs of different sizes.2,3 Here, resonant
energy transfer is explored in mixed QD systems.

7.2 Resonance Energy Transfer in Molecules
In molecular systems, the coupling of two chromophores (the regions of a molecule’s
chemical structure that absorb radiation – usually visible radiation – and give the
molecule its color) can lead to Förster resonance energy transfer (FRET).4 In this process,
the donor molecule (D) transitions to an excited state (D*) upon absorption of radiation.
This energy may then transfer to a ground state acceptor molecule (A) non-radiatively,
through dipole-dipole coupling. As a result of the energy transfer, the acceptor molecule
becomes excited (A*). If A is a fluorophore (a molecule that can re-emit light after
absorption), then the energy transferred into A* can relax back to the ground state A,
accompanied by the emission of light (enhanced fluorescence). For FRET to occur, the
two chromophores must have resonant excited states, and for enhanced fluorescence, the
acceptor must have a lower energy state into which it can trap the transferred excitation.

7.3 Resonance Energy Transfer in Type-I QD Films
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The same terminology developed to describe molecular systems can be applied to
fluorescent quantum dots. In this case, the entire quantum dot is both the chromophore
and a fluorophore. Diluted ensembles of QDs have been shown to emit radiation with
photoluminescence (PL) quantum yields (QYs) ranging from 0.1% to nearly 100%.
Close-packed films are also luminescent, with an emission wavelength that undergoes a
bathochromic shift relative to that of a dilute QD ensemble. This has been attributed to
FRET occurring between the individual QDs in the ensemble since no ensemble is truly
monodisperse.1 Small variations in particle size (down to atomic layers) vary the spectral
response of a QD due to the quantum confinement effect. Therefore, the QDs in an
ensemble act as individual chromophores in a film, and the collective film emission
results from QDs with the lowest energy conduction band. This has been observed in a
variety of single-component nanocrystal films.1, 5
While energy transfer occurs between the QDs in an ensemble that is made up of nearly
monodisperse QDs (size dispersions of ~5%; as uniform as currently possible with
colloidal synthetic techniques), energy transfer has also been demonstrated in
intentionally mixed QD systems.2,3 Specifically, two differently-sized ensembles of CdSe
quantum dots (small: 38.5 Å; large: 62 Å) were deposited into mixed films. When these
films were excited with energy higher than the donor band gap, energy transfer was
observed, as evidenced by a decrease in donor fluorescence, an increase in acceptor
fluorescence, a decrease in donor fluorescent lifetime, and an increase in acceptor
fluorescent lifetime. This system is an example of a type-I system. In this case, the donor
has a larger band gap than the acceptor, and the two materials’ band gaps are positioned
such that the donor’s conduction band is higher than the acceptor’s, and its valence band
is lower. The D* excitation (donor conduction band edge) is resonant with excited states
above the A* conduction band. In this FRET process, energy absorbed by D promotes an
electron to the D* state, non-radiative energy transfer takes place between D* and higher
excited states above the A* conduction band, energy transferred into these states quickly
relaxes to A*, and then fluorescence occurs when A* relaxes back to the ground state A.
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Figure 7.1. Schematic of resonant energy transfer process.
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7.4 Signatures of Resonance Energy Transfer in Dual-Fluorophore Systems
In a system in which both chromophores are also fluorophores, excitation with radiation
higher than both band gaps will produce fluorescence independently from both
fluorophores, even in a situation without any energy transfer. However, when the two
fluorophores are physically close enough to each other for their dipoles to couple, FRET
can occur.4 The QD A* can fluoresce without any contribution from D*, but due to the
energy transferred from D*, the relative QY of A* will increase, and that of D* will
subsequently decrease. This is also reflected in the PL lifetimes of D* and A*. The PL
lifetime of D* decreases since energy is transferred to A* before it can relax from D* to
D, and the PL lifetime of A* increases since the A* conduction band is being supplied
with energy transferred from D* after the initial laser pulse excitation turns off.
In order to describe the interaction between dipoles that leads to long-range resonance
transfer (LRRT) and enhanced acceptor fluorescence, Förster theory provides relations to
calculate the LRRT rate (kDA) and critical distance (R0). R0 is the distance at which kDA
and the rate of donor de-excitation by competing mechanisms are equivalent. For
randomly oriented dipoles,2-4
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where  is the QY of the donor, n is the film refractive index,



ν is the normalized

spectrum for donor emission, and ε ν is the molar extinction coefficient for acceptor
absorption. For a glassy film, it can be assumed that the transition dipoles (correlated
with the crystallographic orientation of the QD unit cells) are randomly oriented. The
value n for a QD solid is calculated as the volume-weighted average of the refractive
indices of the QDs and the organic ligand molecules.

7.5 Competing Processes in Type-II QD Films
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Here, we investigated energy transfer in a type-II system, a composite CdTe-CdSe mixed
QD film. This system meets the conditions stated above for the occurrence of FRET, yet
its band alignment makes possible the competing mechanism of electron transfer. In a
type-II system, both the conduction and valence bands of one material are at higher
energy than the respective bands in the other. This means that when charge carriers are
free to move between the materials, electrons will localize in one material and holes in
the other.
Type-II systems have been of interest because of their ability to separate charges.
Specifically, the CdTe-CdSe system has been studied, using quenching of
photoluminescence to indicate charge separation.6 Also, in a system composed of a
conducting polymer and CdTe quantum dots with type-II band alignment, energy transfer
is observed instead of the expected charge separation.7

7.5 Experimental
Chemicals. All reagents were used as received. Cadmium stearate (CdSt2, MP
Biomedicals), octadecylamine (ODA, Aldrich, technical grade, 90%), trioctylphosphine
oxide (TOPO90%, technical grade, 90%), trioctylphosphine (TOP, Aldrich, technical
grade, 90%), selenium (Se, <5 mm pellets, ≥99.999%, Aldrich, trace metals basis), 1octadecene (ODE, technical grade, 90%, Aldrich), cadmium oxide (CdO, powder,
≥99.99% trace metals basis, Aldrich), trioctylphosphine oxide (TOPO99%, 99%, Strem
Chemicals), n-octadecylphosphonic acid (ODPA, >99%, PCI Synthesis), tellurium (Te,
1-2 mm shot, 99.999% trace metals basis, Aldrich). 1M TOPSe was prepared by mixing
0.789g Se in 10 mL TOP at room temperature in a nitrogen glovebox overnight. 1g/10mL
TOPTe was prepared by mixing 1g Te in 10 mL TOP at room temperature in a nitrogen
glovebox overnight.
7.5.1 QD Synthesis
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The quantum dots used in this study were synthesized according to the non-aqueous, hotinjection, phosphine oxide/phosphonic acid-based techniques that to date have yielded
the highest optical- and structural-quality quantum dots with the greatest size tunability to
date.
CdSe quantum dots were synthesized by adding 0.544 g of CdSt2 to 15.52 g ODA and
15.52 g TOPO90%. This mixture was held under vacuum at 120 °C, stirring, for 1 h.
Then, the mixture was heated under N2 gas to 320 °C, at which time 8 mL of 1M TOPSe
(trioctylphosphine selenide, prepared from 90% TOP and Se shot) was swiftly injected.
For CdSe QDs with the first absorption peak at 516 nm, the heating mantle was removed
immediately prior to injection and 20 mL ODE was injected immediately following
TOPSe injection. For CdSe QDs with the first absorption peak at 568 nm, TOPSe
injection was performed at 320 °C and growth was continued for 10 minutes at 280-290
°C. At 10 minutes, the heating mantle was removed and the reaction mixture was allowed
to cool. At 150 °C, 20 mL toluene was carefully added (note: this is above the boiling
point of toluene, 110 °C) to each flask. Reaction mixtures were then anhydrously
transferred to nitrogen-purged, airtight flasks via cannula. These flasks were transferred
into a nitrogen glovebox, where purification was carried out with anhydrous solvents. All
further manipulation and optical and electrochemical characterization was performed
under nitrogen or in a nitrogen-filled, sealed geometry without further exposure to air.
CdTe quantum dots were synthesized by adding 0.35 g CdO to 3.725 g TOPO99% and
0.275 g ODPA. This mixture was heated under N2, stirring, to 300 °C until it turned from
dark red to clear. It was cooled to 120 °C and held under vacuum for 3 h. It was then
heated to 325 °C, at which temperature 0.38 mL TOPTe was injected. For CdTe QDs
with the first absorption peak at 647 nm, the heating mantle was removed immediately.
For CdTe QDs with the first absorption peak at 699 nm, the temperature fell after
injection to ~305 °C and recovered to ~320 °C by the time the heating mantle was
removed at 4 minutes. Upon the reaction mixture’s cooling to 150 °C, 20 mL or 10 mL,
respectively, of toluene was added carefully (note: this is above the boiling point of
toluene, 110 °C) to each reaction mixture. Reaction mixtures were then anhydrously
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transferred to nitrogen-purged, airtight flasks via cannula. These flasks were transferred
into a nitrogen glovebox, where purification was carried out with anhydrous solvents. All
further manipulation and optical and electrochemical characterization was performed
under nitrogen or in a nitrogen-filled, sealed geometry without further exposure to air.
7.5.2 Film Deposition
Purified CdSe and CdTe soutions in 9:1 hexane:octane mixed solvent were mixed and
drop cast into optically clear films onto 1 mm quartz substrates with CdTe optical density
≤0.05 to prevent reabsorption in the film. Relative amounts of solutions were optimized
to keep CdTe density low and composite absorption only slightly higher so that all optical
processes were in the linear regime.
7.5.3 Optical Characterization
Optical characterization was performed mainly on a Cary 5000 UV-Vis-IR
spectrophotometer and a Fluorolog-Tau fluorimeter from Horiba Jobin Yvon with a
tungsten-deuterium light source. Absorption experiments were carried out in dual-beam
transmission mode, using hexane and two stacked 1 mm quartz slides as the reference for
solution and film experiments, respectively. Steady state photoluminescence (SSPL) and
time-resolved photoluminescence (TRPL) measurements were performed using a
photomultiplier detector. The steady state light source was a 450 W cw xenon lamp and
the TRPL source was a 405 nm Picoquant pulsed photodiode laser. All experiments were
carried out at a 2 nm spectral bandwidth. Quantum yields were calibrated to Rhodamine
6G and Nile red dyes (Aldrich).
7.5.4 Transmission Electron Microscopy (TEM)
Diluted QD dispersions in hexane were drop casted onto 300 mesh carbon-coated copper
TEM grids from Electron Microscopy Sciences. Excess solvent was wicked away with a
Kimwipe tissue, and then TEM grids were dried under vacuum before microscopy. TEM
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characterization was carried out on a JEOL JEM1400 TEM with a LaB6 filament,
operating at 120 kV and equipped with an SC1000 ORIUS CCD camera.
7.5.5 Small-Angle X-ray Scattering (SAXS)
QD dispersions in toluene were loaded into 1.0 mm diameter glass capillary tubes from
Charles Supper Co. and sealed with a hot glue gun. SAXS measurements were carried out
on a multi-angle X-ray diffractometer system equipped with a Bruker Nonius FR591
rotating-anode X-ray generator, Osmic Max-Flux optics with pinhole collimation, and a
Bruker Hi-Star multiwire detector. Data analysis was performed with Datasqueeze
Software. SAXS fitting and extraction of nanocrystal diameters were performed using an
atomistic model (based on a discretized form of the Debye equation with atomic form
factors derived from Cromer-Mann coefficients) as previously reported. Crystal structure
parameters were used as reported in Semiconductors: Data Handbook by O. Madelung.
These values were: for CdTe (zinc blende, cubic), space group F-43m, a = 6.46 Å); and
for CdSe (wurtzite, hexagonal), space group P63mc, a = 4.30 Å and c = 7.01 Å.
Nanocrystal models were built in Materials Studio by building atomistic models of the
CdTe and CdSe unit cells and then adding atoms at the following coordinates: for zinc
blende CdTe, Cd at (0,0,0) and Te at (¼, ¼, ¼); for wurtzite CdSe, Cd at (⅔, ⅓, 0) and Se
at (⅔, ⅓, ⅜).
7.5.6 Cyclic Voltammetry
Cyclic voltammetry experiments were carried out in a three-electrode setup. All
measurements were carried out using anhydrous solvents in a nitrogen glovebox. The
reference electrode was Ag/AgCl, the counter electrode was a Pt wire, and the working
electrode was the cross section of a Pt electrode embedded in a polymer matrix.
Nanocrystal solutions were drop casted from hexane onto the Pt working electrode to
produce a close-packed nanocrystal film. These films were soaked in methanol for 1 hour
and then submerged into a solution of tetrabutylammonium hexafluorophosphate
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(TBAPF6) in acetonitrile. A few mg of ferrocene was added to the solution as an internal
standard in order to obtain absolute energy values.
7.5.7 Quantum Yield Determination
Quantum yields were calculated according to the protocol outlined in A Guide to
Recording Fluorescence Quantum Yields distributed by Jobin Yvon Ltd. 2 Dalston
Gardens, Stanmore, Middlesex HA7 1BQ UK. Two standard dyes were used for
calibration: rhodamine 6G (dye content 99 %, Aldrich) and nile red (microscopy grade,
Sigma). Dyes were separately dissolved in ethanol (ACS grade, Fisher), and all dye
samples were excited at 488 nm for photoluminescence quantum yield measurements. A
series of absorption and emission spectra were taken for each dye using the following
parameters: 10 mm path length cuvette with ethanol solvent blank in dual-beam
absorption mode, peak absorbance ranging from 0.03-0.12 to eliminate the effects of
reabsorption in the samples, and 2 nm slits both for excitation and collection. Rhodamine
6G has maximum absorption at 531 nm and maximum emission at 551 nm. Nile red has
maximum absorption at 552 nm and maximum emission at 637 nm.
The integrated fluorescence intensity was plotted vs. peak absorption. The gradients of
these curves are proportional to the fluorescence quantum yield of the standard dyes
studied. Two different dye samples were used for two reasons: 1) for cross calibration
purposes to ensure that the spectrometer is measuring quantum yields within error of the
literature values and 2) to perform quantum yield calibrations on standards that span as
much as possible of the range of wavelengths of interest for the experimental QD
samples. From the known literature values of quantum yield, the refractive indices of the
solvents used for the standard dyes and for the QD samples, and from the gradients
obtained from the plotted data, it is possible to calculate the relative quantum yield of QD
samples according to the equation:
 !
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where X represents the unknown sample, ST represents the standard sample, φ is the
quantum yield, GRAD is the gradient obtained from the plot of integrated fluorescence
intensity
sity vs. absorption, and η is the refractive index of the solvent.

Figure 7.2. Absorption curves for standard dyes Rhodamine 6G and Nile Red, in ethanol.
Each dilution series is excited at 488 nm (A and C). Fluorescence is shown in B and D.
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Figure 7.3. Standard curves of integrated fluorescence intensity vs. peak absorption for
extraction of gradients for quantum yield determinations.
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7.6 Results and Discussion
For these studies, four nanocrystal samples were used: 519 nm CdSe, 568 nm CdSe, 647
nm CdTe and 699 nm CdTe, named according to their first excitonic absorption peaks.
Figure 7.4 shows the well-resolved absorption features visible in each of these samples.
Use of these four samples made it possible to create three unique band alignments
between CdTe and CdSe (Figure 7.5).
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Figure 7.4. Absorption spectra of the four QD samples used in this study: A) all plotted
on common axes and B) magnified near the band edge to show well-resolved spectral
features.
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Figure 7.5. Schematic of possible band alignments between quantum confined CdSe
(yellow)
low) and CdTe (green).
Structural characterization was carried out on the QD sample
sampless studied. Figure 7.6 shows
TEM images of the QD samples, showing that all consist of uniform spheres.
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Figure 7.6 TEM images of the four QD samples used for energy transfer studies: A) CdSe
519 nm (scale bar 100 nm, inset scale bar 20 nm), B) CdSe 568 nm (scale bar 100 nm,
inset scale bar 20 nm), C) CdTe 647 nm (scale bar 50 nm, inset scale bar 10 nm), D)
CdTe 699 nm (scale bar 100 nm, inset scale bar 20 nm).
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Characterization by small angle X
X-ray
ray scattering also confirms the uniformity of the
samples, and fits to the X
X-ray
ray data yield nanocrystal diameters of 3.6, 5, 5, and 7.7 nm
(Figure 7.7).

Figure 7.7 SAXS data and simulations for the QD samples used in this study: A) CdSe
519 nm, B) CdSe 568 nm, C) CdTe 647 nm, D) CdTe 699 nm.
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Cyclic voltammetry was used to establish the absolute band energies in the QDs. From
this data (Figure 7.8 and Table 7.1)
7.1), it can be seen
een that the band alignments correspond to
our model, meaning that quantum confinement shifts the bands sufficiently in the various
cases to switch the systems from type
type-I to type-II
II behavior. With this change in band
alignment, it is possible to probe the influence of energy transfer vs. charge transfer.

Figure 7.8 Cyclic voltammograms of the QDs studied. Analysis of the peaks gives the
band positions listed on each plot.
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Table 7.1 Energy Band Values
Wavelength

CB position

VB position

(nm, from

(eV)

(eV)

Eg (eV)

Eg calc (nm,

Difference,

from CV data)

measured vs.

UV/Vis data)

calc Eg

516

3.5

5.9

2.4

517

1 nm

568

3.9

6.1

2.2

564

4 nm

647

3.8

5.7

1.9

653

4 nm

699

3.9

5.7

1.8

689

10 nm
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In case analyzed below,, the QDs have quasi
quasi-type-I band alignment. In this case both
conduction bands are at 3.9 eV, and the valence bands are at 5.7 eV and 6.1 eV,
respectively. This means that energy transfer between the two QDs is expected, with the
possibility for some influence from charge transfer. The PL spectra for solution samples
and a mixed
ed solid film for this system are presented in Figure 7.9.

Figure 7.9.. PL spectra for: A) a mixed solution of 699 nm CdTe and 568 nm CdSe and B)
solid films of both the single
single-component and mixed samples.
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The decrease
ease in PL shown for the CdSe (donor) sample and the increase in PL for the
CdTe (acceptor) are signs of energy transfer between the two QD populations. Further
evidence for energy transfer can be seen in Figure 7.8, which shows the PL excitation
spectra and
nd the TRPL spectra for the samples studied.

Figure 7.8. Optical characterization of the 568 nm CdSe and 699 nm CdTe system. A) PL
excitation spectra, detailing individual contributions from the CdSe and CdTe and B)
TRPL spectra, showing a decrease in Cd
CdSe
Se (donor) lifetime and an increase in acceptor
(CdTe) lifetime.
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7.7 Conclusions
In this chapter, evidence for energy transfer between 5 nm CdSe nanocrystals and 7.7 nm
CdTe nanocrystals is presented. We observe the four signatures of energy transfer: 1)
quenching of donor PL, 2) enhancement of acceptor PL, 3) shortening of the donor
lifetime, and 4) lengthening of the acceptor lifetime. The signatures all exist, but they do
not preclude other processes, namely charge separation and nonradiative recombination
pathways. To understand more about this system, it will be necessary to compare the data
shown here with data from mixtures of samples with different band alignments. Also it is
important to find surface ligand exchanges that can alter the interparticle distances
without also quenching the PL before energy transfer can take place.
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Chapter 8: Conclusions and Outlook for Nanocrystal-Based
Photovoltaics
In this thesis, routes to synthesize, deposit, process, and study nanocrystals and
nanocrystal-based films have been presented. Nanocrystal-based solar cells are on the
horizon as a commercial technology, and it is the intention that this work will help the
nanocrystal community take one step closer to realizing its potential. Various studies
have already pushed the community in the right direction: depositing nanocrystal inks to
make both sintered and unsintered nanocrystal-based solar cells,1-5 manipulating
chemistry at the surface of nanocrystals to enhance interparticle coupling and increase
conductivity,6-8 and assembling nanocrystals into single-component and multi-component
films so that electronic structure can be established via bottom-up fabrication.9,10 Along
with the many reports being generated in the nanocrystal community, the studies on
model Cd-based systems within this thesis are intended to help establish an understanding
of nanocrystal-based phenomena. To build upon the groundwork laid by nanocrystal inks,
the improved ability to manipulate composition-controlled, self-assembled chalcopyrite
systems is emerging, making it truly “the right time for CIGS!”11
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